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ORDINANCE 93 HIGHER DOCTORATES
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appropriate Faculty, upon graduates of this University of not less than seven years’ 
standing who are adjudged to have distinguished themselves by their published 
contribution to learning:-
Faculties of Arts and Social and Degree of Doctor of Letters (LittD)
Environmental Studies

Faculties of Science 
and Medicine

Faculty of Engineering

Faculty of Social and 
Environmental Studies

Faculty of Veterinary Science
REGULATIONS
1 Candidates must submit three copies of their application.

2 Each copy must be bound or contained in a stiff backed loose-leaf binder.

3 Applications for the degrees of Doctor of Letters, Doctor of Laws, Doctor of Engineering and 
Doctor of Veterinary Science must include a summary of about 200 words, stating tire main 
contributions to learning of the work submitted in the application. For applications for the degree 
of Doctor of Science, the summary should be not less than 500 words and not more than 2,500 
words.

4 Each copy of the application must contain the following:

(a) A curriculum vitae of the candidate.
(b) A list of tire candidate’s publications, grouped according to subject and numbered 

accordingly.
(c) A copy of each publication submitted in support of die application which should be 

numbered to correspond with the numbers on the list referred to in (b).

Copies of publications containing material for which a degree has already been awarded may be 
included for completeness, but tins fact must be clearly indicated on the list mentioned in (b). 
Where joint authorship occurs, a statement of the contribution made by the applicant should be 
given together with the status of the other authors.

5 The application must be addressed to tire Registrar and be accompanied by the appropriate fee.
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Contribution to learning

The applicant has worked in heat treatment for most of the past 38 years. 
Over that time he has made many important contributions to the heat 
treatment knowledge base. Perhaps his most authoritative 
scientific/technoiogical contribution has been that associated with his work on 
gas-jet quenching (1.1 to 1.16). This work allows the use of relatively cheap, 
environmentally friendly gases to be used to uniformly quench carburised 
components on a global basis.

Other important contributions include; rationalising the understanding of how 
atmospheres behave in furnaces and thus how to get the best performance 
from them (3.10); improving the carbonitriding process so that it can be 
performed at high temperatures (4.10); expanding the use of nitrocarbunsing 
processes globally and introducing tailored variants for different applications 
(5.1 to 5.19); developing a cheap, atmospheric pressure technique for 
creating engineered surfaces on titanium (7.13); gaining an understanding o 
the mechanisms involved in deep cold treatments enabling process 
optimisation particularly for tool steels (8.4); and understanding the effects of 
atmospheres in soldering and brazing processes help the effective 
introduction of lead-free soldering and improve brazing processes (10.1b, 
11.5 and 11.19).

Finally, he has arranged sponsored work at many institutions around the 
globe, including the University of Loughborough, University of Birmingham, 
Queen’s University, Belfast, Shanghai Jiao Tong University, IVF, Sweden, 
TWI, Abington and IME, Singapore and has contributed widely to the 
dissemination of information at conferences and via the web.





CURRICULUM VITAE

PERSONAL DETAILS

Name: Paul Francis Stratton

Date of Birth: 9-6-47

Marita] Status: Married

Address: 42 Park Lea
Bradley 
Huddersfield 
West Yorkshire 
HD2 1QH

Telephone: 01484 511962 (Home)
07774448434 (Mobile)

EDUCATION

1966 -1969 Liverpool University
BEng (Hons) Metallurgy and Materials Science. 
Class attained 2:1

1969 -1970 John Dalton College - Manchester (part time)
Certificate in Management Studies.

PROFESSIONAL QUALIFICATIONS

Chartered Engineer 

Chartered Scientist 

Fellow of the Institute of Materials

EMPLOYMENT HISTORY

1969 -1978 Works Metallurgist - Renold Limited - Manchester - Reporting to
Technical Manager
Responsible for all metallurgical matters at the main production 
site at Manchester including raw material evaluation, heat 
treatment and product failure analysis.

1978 -1980 Development Metallurgist - BOC Limited - Liverpool - Reporting
to Senior Development Engineer



1980 -1985

1985-1986

1986-1987

1987- 1997

1997 to 2002

Responsible for development of nitrogen based atmosphere 
systems and managing the site. Successful developments 
included Endomix (a nitrogen/methanol
carburising/carbonitriding system) and a nitrogen/methanol 
based austenitic nitrocarburising atmosphere system.

Development Metallurgist (Furnace Atmospheres) - BOC
Limited - Baildon - Reporting to Manager. Furnace Atmospheres
Responsible for technical sales support, equipment 
specification, installation, commissioning and trouble shooting a 
wide range of atmosphere systems covering the complete range 
of heat treatments in the UK.

Senior Development Engineer (Advanced Technology) - BOC
Limited - Baildon - Reporting to Manager. Advanced
Technology
Responsible for finding and evaluating new gas using 
processes at the five year horizon mainly in the materials and 
agricultural industries. Several of these processes, including 
sputtering of plastic film to decrease its permeability to gases, 
have since been commercialised.

Manager. Advanced Technology - BOC Limited - Baildon -
Reporting to Applications Manager
Responsible for a multidisciplinary team finding and evaluating 
new gas using processes at the five year horizon in all 
industries plus the management of the BOC development 
laboratories at Hunslet. Several of the processes and 
applications developed at that time including nitrogen injection 
oil recovery and inerted soldering of electronic assemblies now 
account for a significant proportion of BOC revenue. 
(Responsible for 6 professional staff)

Manager. Furnace Atmospheres - BOC Limited - Baildon -
Reporting to Applications Manager
Responsible for a team of metallurgists looking after 
development, PR, technical sales support, equipment 
specification, installation, commissioning and trouble shooting a 
wide range of atmosphere systems covering the complete range 
of heat treatments in Europe. An active member of the 
International Furnace Atmospheres Working Party steering 
global developments and strategy.

Global Technical Manager - Controlled Atmospheres - BOC
Gases - Holbrook - Reporting to Global Business Manager.
Controlled Atmospheres 
Major responsibilities were:
Develop, maintain and promote BOC’s Controlled Atmospheres 
technology base:



Prepare, initiate and control development plans for new 
products and services
Manage the execution of development projects to
commercialisation, on time and within budget
Manage the codification and roll-out of new products and
services to maximise returns to BOG
Maintain BOC’s profile by preparing and presenting
technical papers, articles and press releases.

Forge and manage technology partnerships and alliances as 
required.
Provide technical support to global PGS groups on all aspects 
of the market segment.
Manage the content of the BOG heat treatment web site.
Provide the global team with the tools necessary to improve 
their performance.
Establish relationships with customers and OEM's/ Institutions/ 
Consultants.

2002 to Date Manager - Controlled Atmospheres - BOG Gases - Holbrook -
Reporting to Vice President. Global Technical Solutions
Major responsibilities are:
Technical support for the sales teams around the globe in the 
heat treatment markets.
New process development: Lead-free soldering, gas quenching, 
titanium case hardening, accelerated carbursing.
Maintain BOC’s market profile through publications and web site 
development.
Codify BOC’s market offerings.
Maintain and improve the team’s knowledge by providing 
training and attending conferences. (3 staff and a 50 person 
virtual team)

OTHER ACTIVITIES

Other activities worthy of note in respect of professional activities are:-

Lectured on behalf of the United Nations transferring heat 
treatment atmospheres technology to China

Regular invited Lecturer on the prestigious Wolfson Heat 
Treatment Centre’s Advanced Heat Treatment Course and on 
the Sheffield University Heat Treatment course

Committee member of the European Association for Soldering 
and Brazing

Executive Committee member of the International Federation for 
Heat Treatment and Surface Engineering



ACHIEVEMENTS

1 have written and had published more than a hundred and ninety technical papers 
and articles. The majority have been related to the application of industrial gases to 
heat treatment applications particularly annealing, carburising, nitrocarburismg. 
Others cover different aspects of heat treatment such as quenching, cold treatment 
and brazing. The remainder are related to the wider use of materials particularly in 
electronic packaging, composite manufacture and the surface engineering of 
polymers. One paper won the Bodycote/Lindberg Best Paper Award 2000 In 
addition to my technical publications 1 have filed 16 patents which have either been 
granted or are still under consideration by the Patent Office.



Papers, Patents and Articles by Paul Stratton
(% contribution in brackets)

1. Quenching with gas-jets

1.1. Modelling of high speed gas quenching - P F Stratton, D Ho and N 
Saxena - 1st International Conference on Thermal Process Modeling 
and Computer Simulation, Shanghai, China, March 2000. (Journal of 
Shanghai Jiaotong University, Vol. E-5, No. 1, June 2000, pp146-155) 
(75%)

1.2. Individual component gas quenching - P F Stratton and D Ho - 
Proceedings of 3rd International Conference on Heat Treating with 
Atmospheres, Gothenburg, June 2000, paper No.09 (Prog. Heat Treat. 
Surf. Eng., Proc. 5th ASM Heat Treat. Surf. Eng. Conf. Eur., 
Incorporating 3rd Int. Conf. Heat Treat. Atmos. (2000), 367-375.)
(75%)

1.3. Modelling the gas quenching of a gear wheel - P F Stratton and D Ho - 
ASM Proceedings: Heat Treating vol. 2, 2000, p 747-752 (70%)

1.4. Individual component gas quenching - P F Stratton and D Ho - Heat 
Treatment of Metals 2000.3, vol28, No3, pp 65-68 (75%)

1.5. Modelling of high speed gas quenching - Stratton, P. F.; Ho, D.; 
Saxena, N. - Computational and Experimental Methods (2001), 6 
(Surface Treatment V), 33-42 (90%)

1.6. Modelling the gas quenching of a carburised gear - P F Stratton - 
Proceedings of 8th IFHT&SE Seminar, (ed. B Matijevic) Croatian 
Society for Heat Treatment and Surface Engineering, Sept. 2001, 
pp301-307 (80%)

1.7. Modelling the gas quenching of a carburised gear - P F Stratton - Heat 
Treatment of Metals 2002, Vol.27, No.3, pp 65-68 (80%)

1.8. Gas quenching carburised components - P F Stratton and N Haring - 
Proceedings of the 1st ASM International Surface Engineering and 
the 13th IFHTSE Congress CD-ROM (ASM International, USA), pp.17- 
21,2002. (75%)

1.9. Validation of a single component gas quenching model - P F Stratton 
and A Richardson - 2nd Int Conference on Thermal Process Modelling, 
Nancy, France, March/April 2003 (80%)

1.10. Gas quenching single components - P F Stratton - Proceedings of the



4th Internationa! Conference on Quenching and Distortion Control, 
(CHTS, Beijing, China), pp.391-396, November 2003 (90%)

1.11. Gas quenching single components - P F Stratton - Proceedings of the 
3rd International Conference on CFD in the Minerals and Process 
Industries CD-ROM (CSIRO, Australia), Melbourne, Australia, 
December 2003 (90%)

1.12. Gas quenching small components - Paul Stratton - 14th IFHT&SE, 
Shanghai, China, October 2004 (Transactions of Materials and Heat 
Treatment, Vol.25, No.5, pp.729-732) (100%)

1.13. Quenching steels with gas jet arrays - Andrew Richardson and Paul 
Stratton - Gases and Technology, Vol.4, No.2, March/April 2005, 
pp.28-34 (95%)

1.14. European Patent Application 1108793 - Stratton PF - Quenching of 
heated steel articles using multiple gas jets for uniform cooling (100%)

1.15. GB2397071A - Quenching method and quenching chamber - Stratton 
Paul Francis (100%)

1.16. United States Patent 6,554,926 - Quenching heated metallic objects - 
Stratton; Paul Francis (100%)

2. Quenching

2.1. Requirements for Gas Quenching Systems - P.F. Stratton, N. Saxena 
and R. Jain - Heat Treatment of Metals, 1997.3 (Vol 24, No 3, 1997, pp 
60-63) (70%)

2.2. Liquid-Gas Mixtures for Quenching - M. S. Stanescu, P. F. Stratton, W. 
Niehoff and K. Grieshaber - BOC Gases, D. Moore - Instruments & 
Technology, Inc. - Proc. 3rd International Conference on Quenching 
and Control of Distortion, Prague, Czech Republic, March 1999 pp26- 
38 (15%)

2.3. Mixed phase, “green” quenching media - P F Stratton - ICME ‘2000, 
Shanghai, China, November 2000 - Proceedings of the First 
International Conference on Mechanical Engineering, Edited by Shi 
Zhiping, China Machine Press, Nov 2000, pp 590-591. (100%)

2.4. A water-based quenchant for high alloy steels - P F Stratton - 
Metallurgy, Vol 68, No2, Feb 2001, p9. (100%)

2.5. Gas Quenching Systems - P F Stratton - ASTRA 2003, Hydrabad,



India, November 2003 (100%)

2.6. Helium for gas quenching in vacuum furnaces - P F Stratton - Heat 
Treatment & Surface Engineering in the Automotive industry, Italy 
June 2005 (80%)

2.7. Gas quenching with helium - P F Stratton - 3rd Asian Heat Treat 
Conference, Korea, November 2005 (80%)

2.8. Hydrogen Economy: a study of gas quenching costs - Paul F Stratton 
- Heat Treating Progress, Vol.6, No.2, March/April 2006, pp53-55 
(100%)

2.9. European Patent Application 01306258.3 - Stratton PF - Heat 
treatment: liquid/solid quenchant (100%)

2.10. United States Patent 6,648,997 - Quenching method - Stratton; Paul 
Francis (100%)

3. Modelling

3.1. Furnace atmosphere optimisation by modelling using computational 
fluid dynamics - P F Stratton, N Saxena, and T Philips - Heat 
Treatment of Metals 1995.2 22 (2) pp43-47 (50%)

3.2. The optimisation of the protective atmosphere flow in a large roller hearth
furnace using computer modelling - P F Stratton and N Saxena - IMMA 
Conference The Heat is On!’ - Melbourne May 1995 (Proceedings of 
1st International Conference on Heat Treatment, “The heat is on”, 
IMMA (1995) p19-24) (60%)

3.3. The optimisation of the protective atmosphere flow in a large roller hearth
furnace using computer modelling - P F Stratton, N Saxena and T 
Strutt - Proceedings Recent Development of Rolling & Following 
Process Technology and/or Application of Steel Products, Vol 1 
(Penang, Malaysia, May 1995) (60%)

3.4. A simple, PC-based furnace brazing atmosphere model - P F Stratton and
N Saxena - BABS Conference - October 1995 (90%)

3.5. Using computer modeling to optimize the protective atmosphere for 
annealing of steel wire coils in a roller hearth furnace - P F Stratton, N 
Saxena and J P Sullivan - Proceedings of Wire Expo’96, Charlotte,
NC, June 1996. (40%)

3.6. A generalized annealing furnace atmosphere model and its verification



- Neeraj Saxena, Paul Stratton and David Overington - InterSurface 
Asia’96, Singapore, June 1996 (80%)

3.7. Modelling atmospheres in continuous furnaces - P F Stratton - 
Metallurgy, Aug 1996. (90%)

3.8. Using computer modeling to optimize the protective atmosphere for 
annealing of steel wire coils in a roller hearth furnace - P F Stratton, N 
Saxena and J P Sullivan - Wire Journal International 30 (8) Aug 1997 
pp94-98 (40%)

3.9. A simple PC-Based model for predicting carbon potential profiles in 
continuous furnaces - PF Stratton, N Saxena and H Nayar - 6th 
International IFHT Seminar, Kyongju, Korea, October 1997. (33%)

3.10. Modelling the Furnace Environment - P F Stratton and N Saxena - 1st 
International Conference on Automotive Heat Treating, Puerto Vallarta, 
Mexico, July 1998. (Stratton, P. F.; Saxena, N.; Int. Automot. Heat 
Treat. Conf., Proc., 1st (1999), Meeting Date 1998, 55-59. Editor(s): 
Colas, Rafael; Funatani, Kiyoshi; Stickels, Charles A. Publisher: ASM 
International, Materials Park, Ohio.) (90%)

3.11. Modelling furnace brazing and soldering atmospheres - P F Stratton, N 
Saxena and M Huggahalli - LOT ’01, Aachen, Germany, May 2001 
(80%)

3.12. An Atmosphere Profile Model for Troubleshooting Continuous 
Furnaces - P.F. Stratton and T Hussey - Proceedings of Euromat, Italy, 
June 2001, paper 133 (90%)

3.13. The limitations of CFD modelling for furnace atmosphere trouble
shooting - PF Stratton, N Saxena and M Huggahalli - TMS Annual, 
February 2002, Seattle, USA (Computational Modeling of Materials, 
Minerals and Metal Processing, TMS, Edited by M Cross, J W Evans 
and C Bailey, pp283-292, 2001) (80%)

4. Carburising and carbonitriding

4.1. A New Approach to Nitrogen-based Carburising - R G Bowes, B J 
Sheehey & P F Stratton - Heat Treatment of Metals, 1979.3. (vol 6, No 
3, 1979 pp53-58) (60%)

4.2. Ecomonics of Nitrogen-based Carburising Atmospheres - K Bennett 
and P F Stratton - Metallurgy, Vol 48, No. 12, Dec 1981. (50%)

4.3. Methanol in Nitrogen-based Heat Treating - P F Stratton - The





Metallurgist and Materials Technologist, July 1983. (100%)

4.4. Controlled Atmospheres for Thermochemical Surface Engineering - P 
F Stratton - Metallurgy, March 1992, Vol 59(3), pp 107/109. (100%)

4.5. Carburising with noncryogenically generated nitrogen and methanol - P 
F Stratton and Y Tsujimoto - Heat treatment for the New Millennium, 
Birmingham, March 2000. (Heat Treatment of Metals. 2000.2, Vol.27, 
pp29-32.) (50%)

4.6. Rare Earth Enhanced Carburising with Nitrogen/Methanol 
Atmospheres - E K Chang and P F Stratton, Proceedings of IFHT 
2000, Melbourne, Australia, October 2000. (60%)

4.7. Rare Earth Enhanced Carburising with Nitrogen/Methanol 
Atmospheres - E K Chang and P F Stratton, Heat Treatment of Metals, 
Vol 28, No 1,2001 p 8-13 (60%)

4.8. High temperature carbonitriding - P F Stratton - Advances in Heat 
Treatment, October 2001, Birmingham, UK (Heat Treatment of Metals 
Vol 28, No 4 (2001)) (70%)

4.9. Enhanced carburising using a novel accelerant - P F Stratton - SAE 
International Off-Highway Congress, March 2002, Las Vegas, Nevada 
(SAE Technical paper 2002-01-1474) or Society of Automotive 
Engineers, [Special Publication] SP (2002) SP-170 (Advances in 
Surface Engineering), 137-140 (70%)

4.10. Production scale high temperature carbonitriding - P F Stratton, Y 
Kamei and M Takabe - Proceedings of International Heat Treat 2004 
(ASM, India), paper l-2, Chennai, India, January, 2004 (80%)

4.11. European Patent Application GB2378958A — Stratton PF — Use of 
formamide in heat treatment of ferrous metals (100%)

4.12. Gaseous carburising and carbonitriding: the basics - P F Stratton 
(BOC) and L Sproge (Nordic Metallurgy Consulting) - Heat Treatment 
of Metals. 2004.3, Vol.31, pp.65-68. (90%)

5. Nitrocarburising and nitriding

5.1. Gaseous nitrocarburising - the adaptable alternative - P F Stratton and 
K Bennett - IMMA Conference The Heat is On!’ - Melbourne May 1995 
(50%)

5.2. Surface engineering with carbon and nitrogen - P F Stratton - Materials



World, November 1995 (100%)

5.3. Improving the properties of austenitic stainless steels by surface 
engineering - P F Stratton, W Huang and E K Chang - Proceedings of 
the 11th Congress of the IFHT, Vol 1, pp 211-219, Associazione 
Italiana di Metalurgia, October 1998. (50%)

5.4. Surface engineering with low temperature thermochemical treatments - 
PF Stratton and K Bennett - Omega Technical Services - Metallurgy, 
Sept 1998 (50%)

5.5. Engineering Surfaces for Wear and Corrosion Resistance - PF Stratton 
and K Bennett (Omega Technical Services) - Materials Solutions ’99, 
Cincinatti, USA, Nov 1999 (50%)

5.6. Thermochemical Treatments to Combat Wear and Corrosion - C. 
Zlotnick P.H. Heat Treatment cc., South Africa and P.F. Stratton - 
Materials Australia, Sept/Oct 2000. (50%)

5.7. Engineered Surfaces for the Transport Industries - PF Stratton (BOC 
Gases) and K Bennett (KMB Metallurgical) - Proceedings of 
Automotive and Transport Technology Congress 2001, Volume 4: 
Manufacturing (P-370) pp217-222, Barcelona, Spain, October 2001 
(50%)

5.8. Engineering surfaces to reduce materials costs - P F Stratton and K 
Bennett (KMB Metallurgical) - ICAMMP2002, February 2002, 
Kharagpur, India (Proceedings of lCAMMP-2002 (ed. N Chakraborti 
and UK Chatterjee) Tata McGraw Hill Publishing Co. Ltd., p 811-815 
(2002) (50%)

5.9. EPSILON nitrocarburising: cost saving surface engineering - P 
Stratton, A Malas, K Bennett & R Gopalakrishnan - 7th Heat Treat 
Show (ASM India), Mumbai, India, May 2002 (33%)

5.10. Malzeme maliyetini dusuren yuzey muhendislik cozumleri: 
Termokimyasal yuzey islemleri - A Malas, P Stratton & K Bennett - 
11th International Metallurgy and Materials Congress , June 2002, 
Istanbul, Turkey (20%)

5.11. Epsilon Nitrocarburising Technology for Cost Reduction - A. Malas and 
P. Stratton - Technology Digest A1TC2002, AITC'02, 30-34. (20%)

5.12. Cost Reduction for Surface Engineering Using the Epsilon Special 
Nitrocarburising Processes - A. Malas, P. Stratton - European 
Materials Week 2002, 29 Sept - 2 Oct, Munich, Germany. (20%)



5.13. Saving cost with Epsilon Nitrocarburising - A. Malas and P. Stratton - 
ICSE Contributions of Surface Engineering to Modem Manufacturing 
and Remanufacturing, p 421 (2002) (20%)

5.14. Epsilon Nitrocarburising Technology for Cost Reduction - A Malas and 
P F Stratton - Asian Mould and Die, Dec 2002/Jan 2003 p 35-37 (in 
Chinese) (20%)

5.15. Engineering Surfaces to Reduce Materials Costs - Somboon 
Wareechuensuk, Paul Stratton & Keith Bennett - Proceedings of Heat 
treatment and surface engineering in the production of automotive 
components (CD), Bangkok, Thailand, January 2003 (60%)

5.16. Nitrocarburising saves energy and cost - P F Stratton, A Malas and K 
Bennett - Energy Efficient Manufacturing Processes (ed I Anderson, T 
Marechaux and C Cockrill), March 2003, pp27-34 (70%)

5.17. Making the earth move with nitrocarburising - P F Stratton and T Gibbs 
(HHT) - 9th International Seminar of the IFHTSE - Nitriding 
Technology, September 2003, Warsaw, Poland (Nitriding Technology 
(ed. A Nakonieczny), IPM, Warsaw, 2003, pp 171-178 (80%)

5.18. Engineered Surfaces for Transportation - P F Stratton and K Bennett - 
ASTRA 2003, Hydrabad, India, November 2003 (60%)

5.19. A comparative study of the dry adhesive wear of various 
thermochemical surface treatments - P F Stratton and S Segerberg - 
Proceedings of International Heat Treat 2004 (ASM, India), paper i-3, 
Chennai, India, January, 2004 (70%)

5.20. A comparative study of the lubricated adhesive wear of various 
thermochemical surface treatments - P F Stratton and S Segerberg - 
8th International Tribology Conference, Pretoria, South Africa, 2004, 
March 2004, (70%)

5.21. A comparative study of the dry and lubricated adhesive wear of various 
thermochemical surface treatments - P F Stratton and S Segerberg - 
Heat Treatment of Metals, Vol.31, No.2, 2004 (80%)

5.22. Wear and Corrosion - Paul Stratton, Keith Bennett and Cecil Zlotnick - 
Mining Magazine, Vol. 118, No. 4, April 2003, pp169-173 (20%)

5.23. UK Patent 2 076 434 - Bennett K, Bowes RG and Stratton PF - 
Endomix process: austenitic nitrocarburising (50%)

5.24. UK Patent Application GB 9821724.3 - Stratton PF - Stainless steel



surface nitriding (100%)

6. Ferrous treatments

6.1. Nitrogen-based Protective Atmospheres for Ferrous Treatments - P F 
Stratton - Metals and Materials, November 1991, Vol 7, No. 11, pp 
671-674. (100%)

6.2. Protective atmospheres for annealing and hardening steel - PF 
Stratton, S Stanescu - BOC internal publication, Jan 1999 
(MET/007637) (50%)

6.3. Atmospheres for Annealing Electrical Steels - P F Stratton and M S 
Stanescu - Advanced Materials and Processes, October 1999 (Adv. 
Mater. Processes (1999), 156 (4), 224-227) (50%)

6.4. Improving the surface quality of annealed strip - M S Stanescu and P F 
Stratton - Metallurgy, March 2000 (50%)

6.5. Furnace atmospheres for hardening and annealing - P F Stratton and 
S Blake - Foundry Trade Journal, January 2001, pp22-23 (75%)

6.6. Some problems and solutions for controlled atmosphere bell annealing 
of steel strip - P F Stratton and M S Stanescu. - 21st ASM International 
Heat Treating Society Conference, November 5-8, 2001, Indianapolis 
(Proceedings of the 21st Conference CD-ROM, Heat Treating Society, 
00027.pdf) (30%)

6.7. Nitrogen for annealing and hardening - Paul Stratton - Materials 
Australia, Vol 35, No 5, Sept/Oct 2002, pp 17-18 (90%)

6.8. Eliminating soot deposition in steel wire annealing - M Stefan 
Stanescu, Shen Wei and Paul F Stratton - Heat Treatment of Metals 
(China), Vol 28, No2, pp 65-69, 2003 (20%)

6.9. Mircea Stefan Stanescu and Paul F. Stratton, BOC Gases: "Nitrogen 
Atmosphere Application in the Induction Heating for Forging," 
Proceedings of the 22nd ASM International Heat Treating Conference, 
September 2003, Indianapolis, Indiana. (5%)

6.10. Mircea Stefan Stanescu, Paul F. Stratton and Arthur A. Klassen, 
“Trouble-Shooting of Steel Strip Annealing in Hydrogen Atmosphere,” 
Proceedings of the Asia Assembly Technology Session of the 
METALEX 2003 International Conference, November 2003, Bangkok, 
Thailand. (10%)



6.11. Mircea Stefan Stanescu, Paul F. Stratton and Wei Shen: “Trouble- 
Shooting of Steel Strip Annealing in Hydrogen Atmosphere, “ 
Proceedings of the ICASS 2004, the 2nd International Conference on 
Advanced Structural Steels, April 2004, Shanghai, China. (10%)

6.12. Nitrogen for annealing and hardening - Paul Stratton - MetalMag 
(Metallurgical &Technological Allocation Magazine, Vol.1, No.1, May- 
June 2004, pp 39-42 (Thai and English). (90%)

6.13. Use of Inert Atmosphere Reduces Scaling of Induction-Heated Forging 
Stock: Part 1 - Mircea-Stefan Stanescu, and Paul F. Stratton, Industrial 
Heating, February 2005, (5%)

6.14. Nitrogen wiping of hot-dip galvanised steel strip - Paul F Stratton - 
Heat Treatment of Metals, Vol.30, No.2, 2005, pp.74-77 (100%)

6.15. Use of Inert Atmosphere Reduces Scaling of Induction-Heated Forging 
Stock: Part 2 - Mircea-Stefan Stanescu, and Paul F. Stratton, Industrial 
Heating, Vol.72, No.4, April 2005, p 39-41 (5%)

6.16. US Patent 5,554,836 - Stanescu MS and Stratton PF - Nitrogen based 
induction heating (5%)

6.17. GB2378958B - Heat treatment of ferrous metals - Stratton Paul Francis 
(100%)

7. Nonferrous treatments

7.1. Heat Treatment of Electrical Components - P F Stratton - Metallurgy, 
Vol 55, No. 4, April 1988. (100%)

7.2. Protective atmosphere alternatives for nonferrous bright annealing - P 
F Stratton, S M Adams and M S Stanescu - BOC Gases publication, 
May 1998 (33%)

7.3. Improving the surface quality of copper tube - P F Stratton, BOC 
Technology Magazine, August1998 (100%)

7.4. Improving the surface quality of copper tube - P F Stratton - Industrial 
Heating Vol 66, No.11, November 1999, pp 70-74. (100%)

7.5. Protective atmospheres for the heat treatment of magnesium alloys - 
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Contribution (75%)

The initial idea of using gas jets for quenching was the applicant’s and the 
applicant wrote the program justification and the set out the program details.
It was obvious that modelling was required to optimise the jet array. Following 
discussions with Dr Saxena, Dr Ho was allocated as modeller. Dr Saxena (Dr 
Ho’s superviser) assisted Dr Ho to set-up the model and was particularly 
helpful with the near surface modelling. Following this initial set-up period the 
applicant and Dr Ho interacted on a daily basis with the applicant suggesting 
the next set of parameters to be investigated. Dr Ho the set them up and ran 
the model overnight and reported the next day. The applicant converted the 
raw modelling data into usable data, noted any trends, the asked for the next 
model. The applicant was solely responsible for writing the paper.
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Modelling of high speed gas quenching
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Abstract: Oas quenching has been used in vacuum tumaces for many years and its characteristics tor bulk 
quenching of components are well known. More recently the use of gas quenching applied to single or small 
groups of components that were heated in either vacuum or conventional atmosphere tumaces has been proposed. 
Gas quenching may be seen as meeting the needs of modem “batches-ot-one” processing tor “just-in-timc 
manufacturing. It is clean, non-toxic and leaves no residues to be removed after processing.

If this process is to be possible then heat extrachon rates equivalent to those obtained from a medium quench oil 
must be achieved uniformly at the surface of real components. There are several strategies tor meeting this aim 
first, conventional high pressure quenching; second, moderate velocity quenching urilising a high heat transfer 
coefficient gas such as helium; and third, high velocity quenching utilising a gas with lower thermal efficiency. The 
implementation cost for the first strategy is high as is the running cost of the second unless high cost gas recycling 
equipment is considered. In the third, overall costs can be minimised by using a low cost gas such as nitrogen 

without the need to recycle.

It is this third strategy which is the subject of this paper. Computational Fluid Dynamics (CFD) was used to 
determine if indeed the process could achieve the required results and then to optimise the process parameters on
line. Implementation of a feasible process will then be carried out in the field.
Key Words: Quenching, Gas: Nitrogen: High Velocity

Introduction

Gas quenching employing, usually, nitrogen, argon and helium at pressures of up to 60 bar has been used 
in vacuum furnaces for several years and its characteristics for bulk quenching of components are well 
known1’1. More recently the use of gas quenching applied to single or single layers of comixments that 
were heated in either vacuum or conventional atmosphere furnaces has been proposed . To elmunate 
the need to cool the furnace structure as well as the components these techniques often involve the 
transfer of the component to be quenched to a specially designed cold chamber . Gas quenching of 
single components in this way may be seen as meeting the needs of modem “batches-of-one” processing 
for “just-in-time” manufacturing. Unlike liquid-based quenchants, gas quenching is clean, non-toxic and 
leaves no residues to be removed after processing. It has been suggested (Figure 1) that, when 
considering single components rather than large batches, much higher quenching rates can be achieved 

for the same gas and quenching pressure.
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Figure 1. A comparison of bulk load and single component gas quenching [2J.

In order to meet the criteria for uniform gas quenching the velocity of the gas at the surface should be as 
high as possible and as perpendicular to that surface as possible to maximise heat transfer [4J. The 
velocity and angle of incidence to the surface must be as uniform as possible as the heat transfer 
coefficient is dependent on both (Figure 2). It has been suggested, therefore, that to maximise this efiect 
and minimise the interaction factor between the streams, the distance between the orifice and the surface 
should be as large as possible consistent with loss of velocity with distance.

Impact angle K. degrees

Figure 2. Relative heat transfer coefficient as a function of impact angle of the cooling gas l5].

A second requirement for uniform quenching is that it is necessary for the quenchant to reach the surface 
of the component uniformly. It is obviously not possible for the gas to arrive uniformly perpendicular to 
the surface as it is also necessary for the gas to leave the surface uniformly. Thus discrete regions of 
arrival and departure must exist. Ideally these regions would be infinitely small but practical 
considerations necessitate that they be as large as possible consistent with effectively uniform heat 
extraction.

A third factor is the interaction of the individual gas streams. It has been shown that, for constant mass 
flow per incident gas stream, and a ratio of stream width to distance between the orifice and the surface 
of four, the heat transfer coefficient reaches a maximum when the distance between the streams is three 
times the width of the stream [6]. The turbulent vortices formed at the edges of the arriving gas stream 
are known to have a significant effect on the heat transfer. The form and size of these vortices is difficult 
to predict due to the complex nature of the interaction between the streams.



It has been suggested that the optimum values for the nozzle array to meet the criteria above is when the 
distance between the nozzle array and the surface to be cooled is between two and eight time the diameter 
of the nozzle and when the distance between the centre-lines of the nozzles is between four and eight 
times the diameter of the nozzle [7].

1 Modelling

The modelling work was earned out using the Fluent v5.0 computational fluid dynamics software 
package. For this initial screening only two dimensions were modelled to speed up the process. The 
model consisted of an array of gas nozzles 12.7 mm (0.5 inches) in diameter perpendicular to the hot 
surface. The distance between the nozzles and the surface (a) and the distance between nozzles 
themselves (b) was varied for a range of imposed gas velocities (v) at the exit from the nozzle. A typical 
velocity profile derived from the model is shown in Figure 2. A closer view of the velocities at the 
surface (Figure 3) shows that the flow over the majority of the surface is far from the optimal 
perpendicular and is in fact parallel to it, reducing the maximum heat extraction rate (Figure 4).

Figure 2. A typical velocity profile for v=100 m/s, a= 50.8 mm (2inches) and b=88.9 mm (3.5 inches).



Figure 3. A close up view of the velocity profile for v=100 m/s, a= 50.8 mm (2 inches) and b-88.9 mm 
(3.5 inches).

Parallel flow 
Perpendicular flow

Gas velocity (rrfs)

Figure 4. Heat transfer coefficient in parallel and perpendicular flow for a 10 mm diameter bar with 
increasing nitrogen velocity [1].

The heat transfer coefficient for the hot surface was calculated as a function of the distance from the 
centre-line of the nozzle. A typical result is shown in Figure 5. As may have been expected from Figure 
3, the heat transfer coefficient is at a maximum at a position directly below the outside edge of the nozzle 
where the vortices form, falling off as the flow becomes more parallel to the surface.
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Figure 5. The surface heat transfer coefficient for v=T00 m/s, a= 50.8 mm (2 inches) and b=88.9mm 
(3.5 inches).

The surface heat transfer profile for each set of conditions was characterised using three points on the 
curve: the maximum cooling rate achieved (typically between the centre-line of the nozzle and its edge), 
the minimum cooling rate achieved (typically at the point half way between the nozzles), and the mid-point 
value, half way between the minimum and the maximum. These values were plotted as a function of 
distance between nozzles (b) in Figures 6 to 8 and the distance between the nozzle and the surface (a) in 
Figures 9 to 11 for a gas velocity of 100 m/s.

Maximum
Mid-point
Minimum

Figure 6. The variation of surface heat transfer coefficient with the distance between nozzles (b) for 
v=100 m/s and a=101.6 mm (4 inches)
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Figure 7. The variation of surface heat transfer coefficient with the distance between nozzles (b) for 
v=100 m/s and a=50.8 mm (2 inches)
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Figure 8. The variation of surface heat transfer coefficient with the distance between nozzles (b) for 
v=T00 m/s and a=25.4 mm (1 inch)
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Figure 9. The variation of surface heat transfer coefficient with the distance between the surface and the 
nozzles (a) for v=100 m/s and b-88.9 mm (3.5 inches)

Figures 6 to 8 indicate that there is probably a value for the distance between nozzles (b) at which the heat 
transfer coefficient is a maximum. It is evident that the value of b at which this maximum occurs is 
different for different values of a, the distance from the surface, and probably lies in the range b-4 times 
the nozzle diameter (d) to b-8 times d. This result confirms previous work by others m.

— Maximum — 
-Mid-point 
-Minimum

Figure 10. The variation of surface heat transfer coefficient with the distance between the surface and the 
nozzles (a) for v=100 m/s and b=38.1 mm (1.5 inches)
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Figure 11. The variation of surface heat transfer coefficient with the distance between the surface and the 
nozzles (a) for v=100 m/s and b=12.7 mm (0.5 inches)

The data for 50 and 300 m/s gas velocities show very similar trends to the 100 m/s data. The surface 
heat transfer coefficient as a function of the distance between the nozzle and the surface (for the same 
conditions as Figure 11 except for an increase in gas velocity to 300 m/s) is shown in Figure 12.
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Figure 12. The variation of surface heat transfer coefficient with the distance between the surface and the 
nozzles (a) for v=300 m/s and b=12.7 mm (0.5 inches)

From these data it is obvious that the interaction of the gas streams is complex and that it is not possible 
to describe the interaction as a simple function. However, plotting all the data on a single graph (Figure 
13) indicates that the heat transfer coefficient is inversely proportional to the distance between the nozzle 
and the surface. While the distance between nozzles has an increasing efTect at larger values of a, its 
effect at small values appears to be minimal up to at least three times the nozzle diameter.
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Figure 13. The variation of surface heat transfer coefficient with the inverse of the distance between the 
nozzle and the surface for v = 100 m/s.

While several workers have previously reported the maxima in maximum heat transfer rates above the 
trend line in Figure 13 which occur in the region of a=8*d and b=8*d [6,71. the rapid increase in heat 
transfer rate at very small separations (a<d) have not been reported. The high maximum heat transfer rate 
in this region is also associated with a high mid-point and minimum heat transfer rates. This is 
particularly important if even quenching is to be achieved.

3 Discussion

Figure 12 indicates that quench rates equivalent to conventional oil quenching (Grossmann number H=0.8) 
can be achieved with nitrogen alone without the need for a high pressure quenching environment. With 
additions of hydrogen, which gives three times the cooling rate of nitrogen, it may be expected that 
quench rates equivalent to that of water could be achieved. Hydrogen additions would have the additional 
advantage of keeping the component bright during the quenching process but at higher cost than nitrogen 
alone.

The small distances between the nozzle and the surface needed for maximum cooling has some practical 
implications. As the distance decreases below the diameter of the nozzle the supply pressure required to 
drive the gas to the required velocity will increase. To generate such pressures using blowers in the 
conventional manner would be impractical and expensive in terms of both capital and running costs. 
However, if nitrogen (or nitrogen/hydrogen mixtures) from a compressed or liquid supply were employed 
the driving force is effectively free, the only cost being that of the gas itself. Even this is not a total loss 
as the cold wall quenching chamber could be mn at a small excess pressure, say 10,000 Pa (1.45 psi), 
and the quenching gas used as the whole or part of the heat treatment protective atmosphere.

As a result of the high pressures used it should be possible to eliminate the need for a product support 
during quenching. The effect of the product’s weight will be small compared to the applied force of the 
gas and the product would float within the nozzle field. Small inconsistencies would be introduced into 
the flow field in a practical device and would lead to oscillation or rotation of the component producing 
more even quenching. The high velocities used will lead to high noise levels in the vicinity of the quench. 
However, it should be possible to minimise this effect by proper use of sound insulation around the cold 
wall quenching chamber.



Because the cooling rate is directly related to the gas velocity and the velocity to the supply pressure it is 
obviously simple to control the cooling rate. Not only is it possible to achieve a controllable rate but that 
rate can be varied through the quench cycle to produce any cooling profile within the limits of the 
maximum rate available. Thus austempering and marquenching are easy to achieve.

Let us take as an example a typical automotive gear 150 mm diameter with a 20 mm face and a 20 mm 
bore (Figure 14). The total surface area is approximately 0.045 m2 and the total mass is approxunately 
1.35 kg. Assuming a nozzle configuration where the gap between nozzles is three times the nozzle 
diameter and a gas velocity of 100 m/s is required to achieve H=0.8 then the cooling time is approximately 
30 seconds. The volume of gas required to quench one gear is 3.9 m*. The pressure required to create 
the required velocity at the nozzle tip is approximately 100 kPa (1 barg) thus the force being applied to one 
side of the gear is 5.3 kg, which is well in excess of the weight of the gear.

Mil
Figure 14. Schematic of gear quenching

3 Conclusions

Gas quenching of individual components using nitrogen alone in a non-pressurised environment can 
achieve oil-like quenching characteristics. In order to achieve these rates the gas delivery nozzles must be 
at a distance from the component that is less than the diameter of the nozzle. For larger distances 
between the nozzle and the surface, the heat transfer coefficient is at a maximum for distances between 
the nozzles in the nozzle field of between four and eight times the diameter of the nozzles.
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Modelling the gas quenching of a gear wheel 

P F Stratton and D Ho — BOC Gases

Abstract

The application of gas quenching to a single component 
or single layers of components that have been heated in 
vacuum or conventional atmosphere furnaces has been 
proposed to achieve higher quenching rates than those 
possible with conventional multi-component gas quenching. 
Such treatments may be seen as meeting the need for a clean, 
non-toxic quenching medium that leaves no residues to be 
removed after processing. The processing of single 
components allows the operator complete control of the 
quenching intensity both locally and generally. Moreover the 
quenching rate may be changed during the quenching cycle.

Modelling has shown that by using the delivery pressure 
available from liquid nitrogen storage systems it is possible to 
generate the velocities required to produce at least oil-like 
quenching characteristics at a surface using an array of gas 
jets. The work reported in this paper extends that modelling to 
a typical gear. The design of the jet array required to achieve 
an effectively uniform quench rate is described and the cooling 
rates resulting from its application are reported.

Introduction

The use of gas quenching applied to single components 
that have been heat treated in either vacuum or conventional 
atmosphere furnaces can achieve higher quenching rates than 
those possible with conventional multi-component gas

quenching particularly when they are transferred to a specially 
designed cold chamber for quenching [1]. Such treatments use 
a clean, non-toxic quenching medium that leaves no residues 
to he removed after processing and may therefore be seen as 
meeting the needs of modem “batches-of-one” processing for 
“just-in-time” manufacturing [2]. The processing of single 
components allows the operator almost complete control of the 
quenching intensity both locally and generally. Moreover the 
quenching rate may be changed during the quenching cycle. It 
may therefore be possible to marquench one area of a 
component and fast oil quench another in a single operation
[3].

It has been shown that by using the delivery pressure 
available from liquid nitrogen storage systems it is possible to 
generate the velocities required to produce at least oil-like 
quenching characteristics [4]. It is therefore possible to 
eliminate the only currently available alternative of pressure 
quenching in expensive gases such as helium [5, 6] which, 
even when recycled, may be considered uneconomical [7]. 
Modelling of nozzle arrays has allowed the optimisation of the 
design parameters. For optimum system performance and 
uniformity the ratio of the diameter of the nozzle and the 
distance between the nozzle and the surface should be four 
and the distance between the nozzles should be between two 
and eight nozzle diameters. If the physical parameters of the 
nozzle array are kept within reasonable limits (Table 1) then the 
quenching rate is easily and accurately controlled by the gas 
velocity and hence its flow rate (Figure 1) [8].

Table 1. The increase in mean heat transfer coefficient produced by doubling or halving various parameters

Parameter Double/Half Range % Increase in mean heat 
transfer coefficient

Double 50 -100 m/s 50
V^IULr'lly -----

Distance between nozzle and Half 6.4-3.2 mm 37

hlllLttt/C ---------

T^irtniicc nn^^les Half 50.8-101.6 mm 14

Nozzle diameter Half 1 12.7-6.4 mm 15
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were as consistent as possible within the constraints of having 
a whole number of jets in the array. A gas velocity of 100 m/s 
was used in all the models. At this velocity the total jet array 
modelled used 3.93 m3/min of gas.

The three dimensional model consisted of approximately 
half a million cells and took between two and three hours to 
converge for each data point in the time sequence using a last 
workstation (DEC AlphaStation 600A). For the first few 
seconds of the quenching cycle the model was run every 0.1 
seconds to establish the data trend. As time progressed the 
computed time intervals were gradually increased to one 
second.

Figure 1. The effect of velocity on mean heat transfer 
coefficient where the distance between the nozzle and the 
surface is 25% of the nozzle diameter and the distance between 
nozzles is three times the nozzle diameter.

Modelling

The modelling work was carried out using the Fluent v5.0 
computational fluid dynamics software package. A simplified 
typical gear form was used as the basis of the model (Figure 2). 
The gear is 150 mm in diameter with a 20 mm face and a 20 mm 
bore. The total surface area is approximately 0.045 nf and the 
total mass is approximately 1.35 kg. It was assumed that the 
steel was a low carbon 1% chromium alloy.

Results

Surface temperatures and the temperature profile of 
typical cross-sections quenched in 100 m/s nitrogen are shown 
in Figures 3 and 4 for average temperatures of around 600 and 
300°C respectively. The variation in surface temperature at 
600°C can be seen to be in the range 583 to 604°C and at 300°C 
in the range 297 to 309°C.

6O4e+02 
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Figure 3a. The surface temperature (°C) of the gear quenched 
in nitrogen after 18 seconds

Figure 2. The simplified gear quenching model

The jet array was set up on the basis of a jet to surtace 
distance of 25% of the diameter of the jet and a distance 
between jets of four times the jet diameter. The jet dimensions

Stratton



Figure 3b. The core temperature (°C) profile (horizontal slice) 
of the gear quenched in nitrogen after 18 seconds

Figure 3c. The core temperature (°C) profile (vertical slice) of 
the gear quenched in nitrogen after 18 seconds

Figure 4a. The surface temperature (°C) of the gear quenched 
in nitrogen after 55 seconds

Figure 4b. The core temperature (°C) profile (horizontal slice) 
of the gear quenched in nitrogen after 55 seconds
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Figure 4c. The core temperature (°c) Profile (vertical sl,ce) ol 
the gear quenched in nitrogen after 55 seconds

A point was selected in the cross-section such that it 
was not directly under a jet nor at the halfway point between 
two jets and at one millimetre below the surface corresponding 
to the case/core interface on a carburised gear, on the gear face 
(A). (Figure 5) The cooling curve and cooling rate for position 
(A) are shown in Figure 6 compared with those for a medium 
quench oil. It can clearly be seen that the cooling rate 
achieved using lOOm/s nitrogen is significantly slower.

A B D

'Wi
Figure 5. The location of the example points on the gear cross- 
section.

Figure 6. A comparison of cooling rate for nitrogen and oil 

quenching.

There are two alternative strategies to increase the 
cooling rate sufficiently to produce an equivalent cooling rate. 
The first is to increase the gas velocity. It has prevtously been 
shown that increasing the gas velocity for the type of jet array 
used increases the cooling rate (Figure 1). However, tt can be 
seen that increasing the velocity from 100 to 300 m/s only 
results in a 25% increase in cooling rate.

Figure 7. The relative cooling rate of different gases

The second alternative is to replace some of the nitrogen 
with hydrogen. Hydrogen has over three times the relative 
cooling rate of nitrogen (Figure 7). For example replacing 25/o 
of the nitrogen with hydrogen will result in an approximately 
55% increase in cooling rate assuming that the velocity effects 
previously reported for nitrogen apply equally to hydrogen 
and that the properties of the gas mixture vary in proportion to 
the mixture. This latter assumption is not wholly correct in tha 
it is known that heat transfer characteristics mixtures o 
nitrogen and hydrogen exhibit a maximum at an intermediate
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composition which varies with the quenching parameters [9]. 
In economic terms increasing the nitrogen velocity by a tactor 
of three will also increase the quenching cost by a tactor ot 
three; replacing 25% of the nitrogen with hydrogen will only 
increase costs by a factor of approximately 1.38.

The quenching of the gear using 5% (just below the 
lower explosive limit mixture) and 25% hydrogen were 
modelled. The resultant cooling curves for point A are shown 
in Figure 8. Although not strictly directly comparable because 
of the different quenching conditions [10] a standard cooling 
curve for a medium quench oil is included as a rate guide.

Figure 8. The effect of gas composition on the cooling rate at 
point A

In order to investigate the quench rate variability across 
the section, three further points were selected which are shown 
in Figure 5. One was at a similar position to point A but on the 
web (B). A further point was selected on the surface (C) and 
one in the core of the gear face directly below point A (D). 
Cooling curves for 25% hydrogen in nitrogen were calculated 
for these positions and are shown in Figures 9.

Figure 9. The cooling curves for various locations within a 
gear quenched in nitrogen/25% hydrogen.

Discussion

Differential quenching It is inevitable with a quenching 
system that is reliant upon a number of discrete gas jets that 
there will be small differences in temperature between the 
various parts if the object being quenched as is illustrated in 
Figures 3 and 4. However these differences are on a micro 
scale compared with the gross differences that are encountered 
in liquid quenchants where the breakdown of the vapour 
blanket stage occurs in different areas of the part at different 
times. In addition, if there are different sections to be cooled 
with the system outlined above cooling can be concentrated 
on the thick sections giving the same effective cooling rate all 
over. This ability should mean that distortion on quenching 
can be fully controlled.

To illustrate this effect the ring of jets quenching the 
middle of the web in the gear model was moved 5mm towards 
the centre of the gear. This change resulted in a significant 
increase in cooling rate of the centre compared with the rim of 
the gear as shown in Figure 10.
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Figure 10. The surface temperature (K) of the gear with a 
modified jet arrangement to enhance cooling of the centre of 
the gear.

While there was very little difference in the cooling 
curves for different positions in the gear (Figure 9), there is no 
doubt that rotation of the gear during cooling would 
significantly reduce these variations, especially if the jet array 
were designed not to be circularly symmetrical. Unfortunately 
the modelling of this set-up was not within the scope of this 
investigation.

The role of hydrogen In general terms economic 
analysis, taking into account the fixed costs of the required 
storage and mixing equipment, shows that the use of some 
hydrogen is favoured for higher cooling rate; the optimum 
amount increasing with increasing required cooling rate. The 
use of mixtures containing hydrogen has the additional benefit 
of keeping the component oxide-free during the quenching
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operation resulting in a bright quenched part ready for the next 
operation. The only factor then to be considered is safety and 
the precautions required for the use of flammable gases [11].

Figure 8 shows that even 5% hydrogen (the lower 
explosive limit for hydrogen in nitrogen is 5.7%) gives a 
significant cooling advantage over nitrogen alone and may be 
sufficient for many applications. In addition this amount ot 
hydrogen is sufficient to keep the steel oxide-free during 
quenching, allowing a clean, dry part to pass on down the 
production line.

Further work Any model is not a good model until it has 
been validated. Further work is needed to validate the model 
and to design and build both mechanical handling and control 
systems that will enable the model’s implementation in 
practice.

Conclusions

Nitrogen or nitrogen/hydrogen mixtures can be used to 
quench individual components such as gears at quenching 
rates at least equivalent to medium quench oil. Using a close 
proximity but widely spaced array of gas nozzles an essentially 
uniform quench is achieved. Micro variations in the cooling 
rate can be eliminated by techniques such as component
rotation. ___ . 1_.

The quenching rate is easily controlled in terms ot both
time and location.

10. G E Totten, G M Webster and L M Jarvis, “Quenching 
fundamentals. Cooling curve analysis”, Advanced 
Materials and Processes, 157,6, H44-1I47 (June 2000)

11. P F Stratton, “An introduction to furnace atmosphere 
safety”, Heat Treatment of Metals, 19,1,10-13 (1992)
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Abstract

An extensive CFD modelling study of cooling by 
means of nitrogen jets showed that an array of high 
velocity gas jets close to the surface of a part could 
produce cooling at about the same rate as oil. This 
type of modelling dramatically reduced the time 
taken to discover the optimum conditions. When 
these optimised conditions were applied to an 
idealised gear form, the model suggested that it could 
be fully hardened when a nitrogen-hydrogen mixture 
was used. Calculation suggested that in this type of 
nozzle field the part would float between the arrays 
eliminating the need for fixturing. Before it could be 
given a commercial application, the model was 
validated using a physical test rig. This showed that 
the model gave results very close to reality, which 
could be used to predict cooling behaviour.

The test rig was also used to quench carburised gear 
blanks. The hardness profiles produced by 
quenching in different gas mixtures were compared 
to those from oil quenched samples. The results 
confirming the original modelling are reported.

Introduction

An extensive modelling study was made of the 
cooling that could be achieved using an array of gas 
jets. It showed that under certain conditions they 
could produce cooling at about the same speed as oil 
[1]. The optimum conditions required an 
approximately uniform nozzle field with the jets 
about four to eight times their own diameter apart. 
Tile part to be quenched was at a distance of a quarter 
of the diameter of the jets and the jet velocity was 
100 m/s. When the optimised conditions were 
applied to an idealised AISI5120 carburised gear, the 
model suggested that quenching using a 25% 
hydrogen/nitrogen mixture would fully harden the 
part [2],

Calculations suggested that, under these conditions, 
most typical components would be levitated by the 
gas jets and would need no support or jigging during 
quenching [3], The orientation of the component in 
this type of quenching is not important, as all sides 
see the same cooling, so the component can be 
oriented to give maximum lift. Levitation has the 
added advantage that circular components, such as 
gears, are free to rotate and improve even further the 
extremely uniform quenching achieved and so further 
minimise distortion.

The use of CFD modelling dramatically reduced the 
time to discover the optimum conditions but it was 
necessary to validate the model using a physical test 
rig [4], The test rig was used to quench carburised 
gear blanks. The hardness profiles produced by 
quenching in different gas mixtures were compared 
to those from oil quenched samples.

Experimental

Previous studies had shown that 25% hydrogen in 
nitrogen was needed to fully harden AISI 5120, 
although nitrogen alone gave a sufficiently high 
cooling rate to partially harden the core of such a 
steel. The quenching speed could therefore be 
inferred from the microstructure. In addition, it was 
considered too hazardous to use a flammable gas 
mixture under laboratory conditions using an open 
test rig. As an alternative a 25% helium in nitrogen 
mixture was used. Although too expensive for 
production use unless recycled, this mixture was 
expected to give quenching characteristics similar to 
the 25% hydrogen mixture and still be safe in a 
laboratory environment.

The test piece, selected to represent a simplified gear 
form, was a solid steel disk 110 mm diameter and 10 
mm thick with a 14 mm hole in the middle and 
weighed approximately 0.75 kg. It was manufactured 
from SAES620 and subsequently carburised to a



depth of approximately 1 mm. Some of the test 
pieces were drilled and thermocouples inserted to 
measure core temperature. This thermocouple was 
placed at a point one-third the thickness of the sample 
and at half radius between the two circles of jets. 
This temperature measurement method had the 
disadvantage of restricting the free rotation of the test 
piece.

Figure 1 The lest rig

The test rig (Figure 1) consisted of two arrays of 16 x 
4.57 mm internal diameter jets arranged as evenly as 
possible across the area of the test piece and meeting 
the optimised conditions. The individual jets were 
fed from a plenum chamber that was supplied with 
nitrogen from an independently controlled source. 
The total flow to each set of jets was controlled to a 
rate of 103.14 Nm3/h, calculated to result in a jet gas 
velocity of 100 m/s. The supply pressure needed to 
achieve the flow to the bottom-side jets had to be 
higher than that to the top-side jets because they also 
needed to levitate the test piece. All the flows were 
set using needle valves and were actuated when 
required through a fast acting ball valve.

For the quenching trials the test pieces were heated in 
a Vulcan A550 box furnace and transported to the 
quenching rig down a specially designed slideway. It 
took approximately 30 seconds to get a test piece 
fitted with a trailing thermocouple in position in the 
rig, during which time it cooled. To compensate for 
this cooling these pieces were heated to a higher 
temperature than required. This caused some 
problems for the trials using pre-carburised test 
pieces. Although the reheat time was kept to a 
minimum (20 minutes) by loading into the furnace at 
temperature, a significant amount of diffusion took 
place at the reheat temperature (960°C) and it was 
unlikely that even, well quenched, full surface 
hardness could be achieved.

To reduce the effect of surface carbon loss during 
reheating, the furnace was rapidly purged with 
nitrogen at the start of the cycle. As soon as the

oxygen dropped to an acceptable level, 4% natural 
gas was added.

Levitation trial results

The initial levitation trials were carried out with a 
cold test piece. With the nitrogen velocity set at 100 
m/s the test piece was successfully levitated and 
appeared to be exactly centred between the top and 
bottom jet arrays (Figure2). It was noted that the test 
piece vibrated but the amplitude was not large and 
there was no contact with either jet array. The test 
piece rotated at approximately two revolutions per 
minute, probably because of slight irregularities in 
the flow field.
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Figure 2 The levitated sample after approximately 
2 seconds quenching

The pressure was recorded close to the tip of one 
instrumented jet in the top and bottom arrays, as well 
as the supply pressure necessary to achieve the 
required flow (Table 1). Although great care was 
taken to ensure that top and bottom arrays were 
physically identical, tiny differences in the packing of 
the plenum chambers could have resulted in the 
slightly different pressure drop for each array.

Table 1. Pressures at 100 m/s Gas Velocity

Top
array

Bottom
array

Pressure at flow meter 
(barR)

5.1 5.2

Pressure at jet tip
foarg)______________

0.16 0.34

The supply pressures required were well within the 
range typically available from a standard liquid 
nitrogen supply system with ambient temperature 
vaporisation.



The difference between the top and bottom jet tip 
pressure (0.18 barg) equates to a lifting pressure of 
0.46 kg when integrated across the cross sectional 
area of the apertures in the jet array. However the 
pressure cannot fall until the flow has passed beyond 
the annulus between the test piece and the jet because 
the annulus has the same area as the aperture. 
Therefore the whole area of the jet including its wall 
must be considered when calculating lifting power. 
This calculation gives a lifting power of 0.83 kg, very 
close to the actual weight of the test piece and within 
experimental error.

This phenomenon suggests that if quenching of a 
particular component is satisfactory at a given gas 
flow but supply pressure is insufficient to produce 
levitation, then it is only necessary to increase the 
wall thickness of the jets to achieve the desired 
effect.

Instrumented quench tests

Several quenching runs were carried out using both 
instrumented and non instrumented test pieces. The 
cooling and cooling rate curves are shown in 
Figure 3.
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Figure 3 The cooling curve and cooling rate for 
different gas mixtures v quenching time

The data presented in Figure 3 clearly show that the 
addition of helium has only a small effect on 
quenching, increasing cooling. Plotting the cooling 
rate with time does not show this effect as clearly as 
plotting it against the temperature of the part, as in 
Figure 4. The peak cooling rate is higher with the 
helium mixture and on average the cooling rate over 
the whole temperature range is also slightly higher. 
The apparent variation in rate below 400°C is caused 
by rounding errors during data collection and is 
probably not real.
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Figure 4 Cooling rates for different gas mixtures v 
sample temperature

If the cooling curves in Figure 3 are compared to that 
for a typical medium quench oil (Figure 5) it can be 
seen that the time to 600°C for all three media are 
almost identical. Below this temperature the oil is 
faster down to 200°C, but this is unlikely to affect 
microstructure unless the bainite nose for the material 
being quenched occurs at unusually short times in the 
TTT diagram. If a slower cooling rate is required at 
any time during the quench this can be achieved by 
simply reducing the quench gas velocity or stopping 
the flow altogether and allowing the component to 
cool in still gas.

• • • Nitrogen
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Figure 5 The quenching rate of nitrogen and a 
nitrogen/helium mixture compared to medium 
quench oil

This data makes clear that in practice there is little 
difference in quenching rate using gas mixtures when 
applying this technology. However, a small 
hydrogen addition would have a significant 
advantage in greater cleanliness of the processed 
components, as it would keep them oxide free.



Testing carburised samples

Some samples were pre carburised to a nominal 
1 mm case depth and slow cooled. They were then 
reheated and quenched in the two gas mixtures and in 
a medium quench oil as a reference. The reference 
oil quenched sample was reheated in exactly the 
same way as the gas quenched samples and allowed 
to cool to the same temperature, to compensate for 
the delay in transferring to the gas quenching rig 
before quenching.

The mean hardness profiles for all three methods of 
quenching are compared in Figure 6. The effect of 
the cool and reheat is obvious for all three quenching 
methods. Figure 7 shows that the decrease in 
hardness towards the surface is due to carbon loss 
during cooling and reheating, rather than to the 
presence of retained austenite. Figure 7 suggests 
that, as that the peak hardnesses occur at almost the 
same depth, the validity of the results was not 
affected by the decarburisation.

Figure 6 The mean hardness proTile of samples 
quenched in nitrogen and a nitrogen/helium 
mixture compared to medium quench oil

Figure 6 shows clearly that the small differences in 
cooling rate between nitrogen and nitrogen/25% 
helium found in the instrumented trials had a 
significant effect on hardening. These differences in 
the hardening of the case were not reflected in the 
mean core hardness achieved.

Table 2 Core hardness after quenching

Quench medium Mean core hardness 
(HV)

Medium oil 353
Nitrogen 343
Nitroeen/25% helium 350

The core hardness (average of 20 tests) produced by 
each technique is very similar, as are the core 
microstructures shown in Figure 8. However, there is 
evidence of small amounts of ferrite in the oil and 
nitrogen quenched samples which is absent in the 
nitrogen/25%helium quenched sample indicating a 
slightly faster quench.

Figure 7 The microstructure of the surface of a 
typical sample after quenching

Figure 8 The microstructure of the core of samples 
quenched in nitrogen and a nitrogen/helium 
mixture, compared to medium quench oil

The appearance on the macroscopic scale of the three 
case structures is very similar as can be seen in 
Figure 9. This suggests that the differences in depth 
of hardening were caused by the difference in 
quenching rate and not by variations in carbon 
penetration during carburising.



Figure 9 The microstructure of the case of samples 
quenched in nitrogen and a nitrogen/helium 
mixture, compared to medium quench oil

Conclusions

Using a suitable array of gas jets it is possible to 
levitate a component during quenching, eliminating 
the need for conventional jigging. The quenching 
rate that can be achieved with nitrogen alone as the 
quenching gas is very similar to that produced by a 
medium quench oil. The cooling rate when using a 
higher thermal conductivity mixture such as 
nitrogen/25% helium is slightly higher.

Carburised gear blanks 10 mm thick manufactured 
from SAE8620 are almost fully hardened using 
nitrogen alone as the quenchant. If nitrogen/25 ^ 
helium is used as the quenchant, the properties 
exceed those obtained by oil quenching.
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P F Stratton and A Richardson

Abstract. An extensive CFD modelling study of cooling using nitrogen jets showed that an array of high 
velocity gas jets close to the part surface could produce cooling at a similar speed to oil. The optimum 
conditions were: an approximately uniform nozzle field with the jets four to eight times their own diameter 
apart at a distance from the part to he quenched of a quarter of the diameter of the jets; and a jet velocity of 
100 m/s. When the optimised conditions were applied to an idealised gear form, the model suggested that it 
could be frilly hardened if a nitrogen/hydrogen mixture was used. The use of the model had dramatically 
reduced the time to discover the optimum conditions but no validation experiments had been carried out. 
Before proceeding with any commercial applications, the model was validated using a physical test rig. It 
showed that the model was very close to reality and that the results of modelling could be used to predict the 
behaviour of production parts.

1. INTRODUCTION

An extensive modelling study of the cooling that could be achieved using gas jets showed that 
under certain conditions an array of jets could produce cooling at similar speeds to oil [1]. The 
effect of each of the variables (distance of the jet from die part, distance between the jets, gas 
velocity and scaling factor) was investigated. This study showed that the optimum conditions were 
an approximately uniform nozzle field with the jets four to eight times their own diameter apart, at a 
distance from die part to be quenched of a quarter of the diameter of die jets and a jet velocity of 
lOOm/s. When die optimised conditions were applied to an idealised carburised BS970:527A19 
gear, the model suggested that quenching using a 25% hydrogen/nitrogen mixture would fidly 
harden the part [2].
Up to this point all the work had used CFD modelling. The model had dramatically reduced the 
time to discover the optimum conditions but it had not been validated by experiment. Before 
proceeding to commercial application it was necessary to validate the model using a physical test 
rig. This paper reports the results of those validation trials.

2. THE MODEL

When the rig had been constmcted it was modelled in three dimensions with Fluent 6.0.12 CFD 
code. The original modelling conditions were used except for better data then available for the 
pliysical parameters of the steel.

The specimen simulated was centrally located between upper and lower sets of nitrogen jets, 
which were some 1 mm distant from its surface and oriented so as to impact perpendicular to the 
surface. Each set (upper or lower) of nitrogen jets consisted of two arrays of individual jets, one 
located on a 43 mm radius and the other on a 19 mm radius fr om the centre of the sample. On tire 
43 mm radius, 11 nitrogen jets were regularly arranged at 32.73 degree intervals, whilst on the inner 
circle, five jets were regularly arranged at 72 degree intervals. On each side of the sample the two 
jet arrays were aligned so that each jet from the 5-jet array lay on tire same radius as one from the



11-jet array. On one side of the sample, the arrays were rotated through 180 degrees, such that the 
centre of a jet on one side of the specimen lay between the centres of jets on the opposite side. The 
jets themselves were manufactured from Vi” stainless steel tube (OD: 0.25” (6.35 mm), ID: 
0.18”(4.57 mm)). The specimen was a 110 mm diameter disk 10mm thick with a central hole 14 
mm in diameter. This model is represented in Figure 1.

Figure 1: The model

2.1 Condition simulated

? Nitrogen flow to both top and bottom jet arrays was set at 3640 scfli (i.e. 227.5 
? scfh/jet) (103.1 irf/h (6.44 irf /h/jet)).
? Nitrogen temperature: 300°K 
? Sample material: SAE, AISI 8620 
? Sample weight: 727.76 g 
? Sample density: 7784 kg/irf 
? Initial sample temperature: 825°C.

The material properties for the sample were taken to be:

Specific Heat Capacity

T(lower) Supper) Cp.
(°C) CQ (J/K^K)

Thermal
Conductivity
T(°C) K

(W/m°K)
0 100 477 0 51.9
100 200 511 100 51.1
200 300 544 200 49
300 400 586 300 46.1
400 500 645 400 42.3
500 600 724 500 39.4
600 700 816 600 35.6
700 800 1193 700 31.8
800 900 682 800 26
900 1000 649 900 26.4
1000 1100 653 1000 27.6

1100 28.5



2.2 Model details

The model domain was set at a 200 mm radius i.e. almost twice the radius of the specimen and 
vertically reached the gas distribution manifolds above and below the sample (200 mm total). The 
specimen and the tube bank arrays to form the jets were thus centrally located within this cylindrical 
domain.

The model was meshed in two parts. The specimen itself was meshed using a regular 
hexahedral scheme, whereas the gas space was meshed using a pyramidal scheme. Particular 
attention was given to resolving the mesh near the tube tips and specimen surface. Because of the 
need for different mesh densities in the specimen and in the gas flow space, non-conformal 
interfaces were set up on the specimen boundaries. This allowed higher quality meshes with fewer 
cells to be generated for each region. In all, the model contained approximately 2 million cells.

Initially the standard Fluent segregated solver was used with the k-e turbulence model. An 
initial steady solution was achieved for a cold flow and then for a fixed hot sample temperature. 
During this period the mesh at the tips of the nozzles and on the surface of the sample were 
repeatedly refined to ensure that the boundary layer assumptions of the model were within the valid 
range (Y+ adaptation.)
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Figure 2: The temperature distribution after 2 seconds Figure 3: The temperature distribution after 6 seconds

Figure 4: The temperature distribution after 86 seconds Figure 5: The temperature distribution after 30 seconds

The solver was then switched to the unsteady mode with a time step of 1 second. The 
maximum number of iterations per second was set to 200 to ensure a good degree of convergence



for each time step. In fact, the model would typically converge for each time step in 5 to 6 iterations 
as it was started from a converged steady solution.

The model was run with 1 second time steps until 90 seconds had elapsed. Typical model 
outputs for 2, 6, 30 and 86 seconds quenching are shown in Figures 2 to 5. The model was also 
used to predict the cooling curve at the same position as it was measured by the thermocouple.

2.3 The cooling curves

The predicted cooling curves for several positions on the test piece were calculated and are shown 
in Figure 6. It can clearly be seen that there is little difference in quench rate in different areas of 
the sample.

* - - * Surface
-----Below a jet
— Between jets

Time (s)
Figure 6: Predicted cooling curves for several location within the sample

3 EXPERIMENTAL

The test piece, selected to represent a simplified gear form, was a solid steel disk 110 mm diameter 
and 10 mm thick with a 14 mm hole in the middle manufactured from AISI 5120. Some test pieces 
were drilled and thermocouples inserted to measure core temperature at ? radius and ? thickness. 
This temperature measurement method had the disadvantage of restricting the free rotation of the 
test piece.

The test rig (Figure 7) consisted of two arrays of 16 x 4.572 mm internal diameter jets arranged 
as evenly as possible across the area of the test piece in the optimised configuration found by the 
previous modelling work [3]. The individual jets were fed with nitrogen to give a jet velocity of 
100 m/s.

Several quenching runs were carried out. Because of the physical constraints of the rig it was 
difficult to control the exact temperature at the start of the quench. The result shown in Figure 8 
was therefore selected as having a nominal 850°C start temperature. It is obvious from these results 
that the model predicted a much lower initial cooling rate than occurred in practice. Figure 9 
compares the actual cooling rate with that predicted by the model. It is postulated that the large 
difference in initial cooling rate was caused by radiative heat losses that were not taken into 
consideration in the model.
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Figure 8: Actual and predicted cooling curves

The modelling was therefore repeated taking into account radiative heat losses. The effect of 
this modification is shown in Figure 10. The discrete-ordinates model was chosen to simulate the 
radiative losses with a sample surface emissivity of 0.8. The simulation was started from the actual 
pre-heat furnace temperature to allow for a more representative thermal distribution at the start of 
the gas quench. This choice of assumed emissivity was validated, as the modelled cooling by 
radiation was at a similar rate to that measured in the experiment.
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Figure 9: Comparison of the actual cooling rate with that predicted by the model

There is now a significant difference between the cooling rates at the surface and in the core of 
the sample due to the high initial heat loss from the surface by radiation. The modelled cooling ra e 
in the core is increased over the same sort of temperature range as the actual but not to the same 
magnitude At the position of the thermocouple (1/3 thickness) the model also shows double 
peak found in practice. Some of the variations may be due to differences between the modelled a 
actual thermocouple position but is unlikely that this discrepancy could account for the whole of the 
difference in cooling rates. More accurate modelling of the changes occurring in the steel during 

particularly the initial temperature profile of the sample following transfer from the 
furnace, would probably give a closer result.
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- Model-core
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Figure 10: Comparison between actual and modelled cooling rates when radiation is taken into account



It is interesting to compare the temperature profile predicted by the model and lhat found in 
practice Figure 11 compares an output from the model and a photograph of a quench taking place. 
The similarity between the surface temperature profiles is striking.

Figure 11: Comparison of predicted and actual surface temperature profiles

4. CONCLUSIONS

The original model predicted the heat transfer rate for gas quenching by means of an array of jets 
with high accuracy for temperatures below 600?C. At higher temperatures the heat transfer rate 
was considerably faster in practice than predicted by the model. When heat loss by radiation was 
included the correlation was better and, although not yet perfect, probably good enough to predict 
the properties of the quenched part.
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Gas Quenching Small Components
Paul Stratton

BOC, Sheffield, UK

Abstract: Gas quenching is an environmentally friendly and eflective way of quenching components. However it has not 
been possible to apply it to small components because of the difficulties of jigging. A method of gas quenching such small 
components is described in which they are levitated in a confined gas stream The method is suitable for quenching low 
alloy steel components that weigh between 1 and lOg.

Key words: gas quenching, levitation, small components.

IT HAS BEEN SHOWN that gas quenching is a very 
environmentally friendly quenching method that can be 
applied to bulk loads in vacuum [1] or conventional 
furnaces [2] and to individual components [3]. It gives 
more uniform results and hence less distortion than 
conventional liquid quenchants [4]. Until now, there 
has been no way to apply this technology to 
components that are too small to be effectively jigged 
to keep them separate during the quenching process.

Experiments have shown that quite large and heavy 
(0.75kg) components can be floated in a nozzle field 
[5]. In this technology an upper nozzle field exerts a 
force equal to that from the lower field minus the 
component weight and keeps it in place. This is 
obviously not practical for small, light components and 
another method of constraining them is required.

1. The quench chamber
For "light" components a quench chamber can be 
conceived that requires only the lower nozzle field. A 
nozzle field (or equivalents such as a high wire to hole 
ratio wire mesh above a plenum chamber or a 
perforated plate like that used in fluidised bed furnaces 
[6]) produces an almost uniform high velocity gas 
stream in an enclosed chamber. The "nozzle" field is at 
the bottom, the sides are solid and the top open (Figure 
1). The sides of the chamber are angled slightly 
outwards to produce a constantly falling gas velocity in 
order to give more control over the components being 
quenched. It has been shown in other applications that 
the maximum divergence angle is 7° if a uniform 
velocity field is to be maintained.

The volume of gas used 
must provide the minimum 
required velocity here.

The volume of gas used 
must provide the maximum 
required velocity here.

The parallel portion of the 
vessel must be long enough 
to achieve essentially uniform 

flow.

The slope of the walls 
must be less than that 
required to maintain an 
essentially uniform flow 
field

Perforated plate or 
wire mesh. The area 
of the holes must be 
less than the area of 
the inlet pipe to the 
plenum chamber.

Plenum chamber

Figure 1. A schematic of the quenching chamber (not to scale)

Components enter at the top with the gas switched components will each offer the gas stream a different
on to prevent them falling to the bottom Non-spherical projected area and hence receive a different lift. As



long as the velocity of the gas field at the point where it 
is effectively uniform is greater than the velocity 
required to "lift" the component when it has its smallest 
projected area, the component will be levitated by the 
gas field and be quenched while it floats. The 
inevitable inconsistencies in the gas field and 
turbulence will make the components tumble over and 
over so that they are uniformly quenched. The sloping 
walls and reducing gas velocity will stop components 
being ejected. The tumbling should give the 
components a Newtonian distribution of height, but 
some ejection is inevitable unless the walls are sloped.

2. Quenching

The first example is a small cylinder manufactured 
from steel (density 7840 k^m3). It is 3 mm in 
diameter and 30 mm long and therefore weighs 
0.001568 kg. The quenching gas is nitrogen.

The general formula for the gas velocity required to 
levitate the component is.

V = ((2*M*9.81)/(A*D))V4 {1}

Where V is the gas velocity in m/s,
M is the mass of the component in kg,
A is the projected area of the component in nr, 
and D is the density of the gas in kg/m3.
For this component the minimum projected area is 
0.0000069 nr. The density of nitrogen is 1.1605 kg/m3 
at 21.1 °C and 1 atmosphere pressure. The maximum 
required gas velocity is therefore 62 m/s. The 
component’s maximum projected area is 0.00009 m2. 
The minimum required velocity is therefore 17.2 m/s.

To achieve this velocity difference, the area of the 
quench chamber must increase 3.6 times between the 
maximum and minimum velocity points to prevent 
components hitting the bottom of the chamber or being 
ejected at the top. This is equivalent to a 1.9 times 
increase in the diameter of a circular cross section 
chamber. At the maximum design slope, this implies 
that the distance between the upper and lower velocity 
points is 3.66 times the diameter of the bottom of the 
chamber.

Calculation suggests that the heat transfer 
coefficient for this component will be of the order of 
120 to 220 W/m2/°C. For a cylinder ten times the size, 
the heat transfer coefficient will be in the range 300 to 
330 W/m2/°C because the gas velocity needed to 
levitate it is higher.

As might be expected, the larger the aspect ratio, the 
larger the difference in minimum and maximum 
velocities and the larger the difference required 
between top and bottom diameters of the quench 
chamber. The chamber design must therefore take into

account the largest aspect ratio component to be 
processed almost regardless of its size. Size and the 
number of components to be processed simultaneously 
only need to be taken into account when considering 
the bottom diameter size. The quench chamber must be 
designed slightly deeper than required by these 
calculations to allow for the momentum during 
tumbling adding to both upward and downward motion.

It is somewhat counter-intuitive to find that using 
this technique large heavy objects with large aspect 
ratios have a higher heat transfer coefficient than light 
spherical objects or even light, high aspect ratio 
objects. However, the heat transfer coefficient is not 
the only factor that needs to be considered. The 
absolute amount of heat to be removed also affects the 
cooling rate. Thus for a given heat transfer coefficient 
smaller components cool faster.

It is possible to calculate the achievable cooling rate 
for all shapes. The results for some typical shapes are 
shown below in Figures 2 and 3. The heat transfer 
coefficient used is an estimated average based on a 
combination of different gas flow conditions during 
tumbling. The calculated cooling rates are for 
convective heat transfer only and do not include the 
effects of radiation heat loss, which are relatively small 
at 600°C.

Diameter (mm)

Figure 2. Cooling rate of steel spheres at 600°C 
levitated in nitrogen

Low alloy steels, e.g. SAE 5115, will fully harden 
in gas with a cooling rate of around 20°C/s or higher. 
Thus, for example from Figure 2, spheres of low alloy 
steel will fully harden if their diameter is less than 
approximately 3 mm. Other materials have lower 
critical cooling rates. For a material with a critical 
cooling rate of 15°C/s, e.g. 25MoCr4, as shown in



Figure 3, cylinders weighing Ig or less will be fully 
tiardened.

.0 001 kg

• 20 ______ 0 01 kg

. .0 05 kga> 15 -
- -0.1 kgo 10 -

Aspect ratio

Figure 3. The effect of aspect ratio on the cooling rate 
of steel cylinders at 600°C for constant weights during 
levitation in nitrogen

3. Applications
The components would normally be discharged into 

the device from a batch furnace typically used for 
treating small components, such as a rotary barrel type. 
However, they could be fed in from a semi-continuous 
furnace such as a rotary scroll where a door discharges 
components at each revolution, provided there was time 
between revolutions to quench and discharge the 
components. Components could also be transferred 
either mechanically or by hand from almost any other 
batch or semi-continuous furnace. A continuous 
furnace would require the use of two chambers, one 
quenching and one discharging at any given time. Each 
would need to have sufficient capacity to hold the 
discharge of the furnace for a period equal to the 
quenching time plus discharge time. The exact method 
and means of coupling would vary from furnace to 
furnace.

It is unlikely that the gas used by the quench could 
be reused by feeding it back into the furnace 
atmosphere as the top of the quench vessel must be 
open or semi-closed with a vent, whose area must not 
be less than the area of the bottom of the chamber The 
intermittent nature of the quench cycle would also 
make reuse difficult

It is obvious that for lower hardenability materials 
the process is restricted to lighter components. The 
process is particularly applicable to these light 
components as it produces even quenching in an 
environmentally friendly medium without the need for 
complex jigging. If higher hardenability materials are 
used then much heavier components can be processed. 
The process is particularly suitable for larger complex

components of high hardenability where even 
quenching is required, especially as there is no need for 
a jig to hold components in position during quenching.

Single or multiple components may be quenched. 
Multiple components must be quenched as a batch or 
semi-batch process where additional components may 
be added to those quenching but no components can be 
removed until the last components to enter have been 
quenched. The number of components that can be 
processed simultaneously is limited by the need that 
they should be able to tumble freely, which will vary 
considerably depending on their geometry.

3.1 Removing the components
Several techniques are available to remove the 

components from the device at the end of the quench 
cycle. . In the first a door is fitted into the side of the 
chamber near the bottom. The gas velocity is reduced 
slowly to zero to prevent severe impact of the 
components on the bottom of the chamber. The door is 
then opened and the components are removed. For this 
method the components must not be so small that they 
would fall through the holes in the base of the chamber. 
As an alternative the plenum chamber can be made to 
be detachable.

Another alternative is to temporarily increase the 
gas flow so that its velocity at the top exceeds the 
velocity needed to levitate the components. The 
components will then be ejected from the chamber and 
may be captured by a suitable device such as a bag 
house or vortex separator. This method has the 
advantage that there is no risk of small components 
Falling through the floor of the chamber, but it does 
increase running costs.

A last possibility is to create a door above the level 
of the base, which is opened while simultaneously 
restricting the flow at the top. The components are 
then carried through the door by the diverted gas flow 
to a capture device. This method requires less gas but 
is mechanically more complex.

3.2 Gases
Throughout this paper nitrogen has been given as 

the example gas, as it is the cheapest in most locations. 
Other gases such as argon, helium, hydrogen and 
carbon dioxide or mixtures of these gases could also be 
used. A mixture containing nitrogen with a small 
hydrogen addition (typically 2% but in any case less 
than that necessary to create a flammable mixture) 
would be preferred as this would result in bright 
components.



\. Conclusions
With the correct design of quenching vessel it is 

jossible to fully harden small, low alloy steel 
components with nitrogen as the quenchant 
Calculation suggests a weight range of 1 to lOg 
^pending upon their aspect ratio. Larger components 
can be fully hardened if they are manufactured horn a 
higher hardenability steel.

References

1. Mueller T, Gebeshuber A, V Strobl and G Reitliofer, “New 
possibilities for Vacuum baldening”. Heat Treating 
Progress, 2003, Vol., No., pp.73-79.

2. Holm T and Segerberg S, ‘Gas quenching branches out’, 
Advanced Materials and Processes, 1996, Vol. 149, No.6, 
pp.64W-64Z.

3. Stratton P F, “Gas quenching single components”, 
Proceedings of the 3rd International Conference on CFD in 
the Minerals and Process Industries CD-ROM (CSIRO, 
Australia), 2003.

4. Devenny, D, ‘Multiflow pressure quenching for distortion- 
free hardening’, Metals and Materials, 1990, Vol 6, No.2.

5. Stratton P F and Haring N, “Gas quenching carburised 
components”, Proceedings of the 1st ASM International 
Surface Engineering and the 13th IFHTSE Congress CD- 
ROM (ASM International, USA), 2002, pp.17-21.

6. Reynoldson R W, “Therrnochemical surface treatments in 
fluidised bed fiimaces”. Heat Treatment of Metals, 1980, 
Vol.7, No.2, pp.35-40.



1.13

Quenching steels with gas jet arrays - Andrew Richardson and Paul Stratton 
- Gases and Technology, Vol.4, No.2, March/April 2005, pp.28-34

Contribution (95%)

This paper is a review of the whole project to that date. Dr Richardson was 
named as co-author as it was originally intended that he presented it at a 
conference. Unfortunately he was unable to do so and the paper was later 
published in a journal. The applicant was solely responsible for writing the 
paper.

Co-author Status

1. When Mr Ho left BOC, he was replaced by Dr Andrew Richardson 
(MEng - Fuel and Energy Engineering, PhD - Combustion Science). 
Dr Richardson carried out the modelling in the latter stages of the 
project mainly running models already constructed by Mr Ho, but with 
refinements of the model input data aimed at improving its correlation 
with experimental data.



Quenching steels with gas jet arrays 

Andrew P Richardson and Paul F Stratton 
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ABSTRACT

The application of gas jet quenching to a single component that were heated in 
vacuum or conventional atmosphere furnaces has been proposed to achieve higher 
quenching rates than those possible with conventional multi-component gas 
quenching. Such treatments may be seen as meeting the need for a clean, non-toxic 
quenching medium that leaves no residues to be removed after processing. The 
processing of single components allows the operator complete control of the 
quenching intensity both locally and generally. Moreover the quenching rate may be 
changed during the quenching cycle.

In order to achieve the best the best system performance it is necessary to optimise 
the performance of the jet array. The distance from the workpiece, the distance 
between jets and the gas velocity were optimised using two dimensional CFD and the 
mean heat transfer coefficient calculated. A test rig to quench a gear blank was 
constructed using the optimised array. This rig was then modelled in three 
dimensions and the results compared to those generated experimentally. Some 
modifications to the model were necessary to align it with the experimental results.

1. INTRODUCTION

Gas quenching employing usually nitrogen, argon or helium at pressures up to 60 bar 
has been used in vacuum furnaces for several years and its characteristics for bulk 
quenching of components are well known [1]. More recently the use of gas 
quenching applied to single or small groups of components that were heated in either 
vacuum or conventional atmosphere furnaces has been proposed [2]. To eliminate 
the need to cool the furnace structure these techniques often involve the transfer of 
the component to be quenched to a specially designed cold chamber [3].

The use of gas jet quenching applied to a single component that were heat treated in 
either vacuum or conventional atmosphere furnaces can achieve higher quenching 
rates than those possible with conventional multi-component gas quenching [4]. 
Such treatments may be seen as meeting the need for a clean, non-toxic quenching 
medium that leaves no residues to be removed after processing. The processing of 
single components using a jet array allows the operator almost complete control of 
the quenching intensity both locally and generally. Moreover the quenching rate may 
be changed during the quenching cycle. It may therefore be possible to marquench 
one area of a component and fast oil quench another in a single operation.

If the benefits of gas quenching are to expand beyond the niche process areas where 
its high uniformity and high repeatability justify a premium price then a process using 
the minimum quantity of the lowest possible cost gas is required. It is an unfortunate 
fact that the high conductivity gases such as helium and hydrogen are expensive. 
The low cost alternative, nitrogen, has poor thermal performance. However, it has



been shown that by using the delivery pressure available from liquid nitrogen storage 
systems it is possible to generate the jet velocities required to produce at least oil-like 
quenching characteristics [4].

Optimising the jet array

In order to meet the criteria for uniform quenching a single component it is necessary 
for the quenchant to cool the surface of the component uniformly. To achieve this 
aim with a gas it must have the same speed and direction at all points. In practice 
discrete nozzles must be used and modelling shows that, under most conditions, the 
cooling is at a maximum directly in line with the nozzle and falls away to the mid-point 
between the nozzles as shown in Figure 1.

Figure 1. The surface heat transfer coefficient for v=100 m/s, a= 50.8 mm (2 inches) 
and b=88.9 mm (3.5 inches).

The modelling work was carried out using the Fluent v5.0 computational fluid 
dynamics software package. For this initial screening only two dimensions were 
modelled to speed up the process. The model consisted of an array of gas nozzles 
12.7 mm (0.5 inches) in diameter perpendicular to the hot surface. The distance 
between the nozzles and the surface (a) and the distance between nozzles 
themselves (b) was varied for a range of imposed gas velocities (v) at the exit from 
the nozzle. A typical velocity profile derived from the model is shown in Figure 2. A 
closer view of the velocities at the surface (Figure 3) shows that the flow over the 
majority of the surface is far from the optimal perpendicular and is in fact parallel to it, 
reducing the maximum heat extraction rate.



Figure 2. A typical velocity profile for v=100 m/s, a= 50.8 mm (2 inches) and b=88.9 
mm (3.5 inches).

Figure 3. A close up view of the velocity profile for v=100 m/s, a= 50.8 mm (2 
inches) and b=88.9 mm (3.5 inches).

The heat transfer coefficient for the hot surface was calculated as a function of the 
distance from the centre line of the nozzle. The surface heat transfer profile for each 
set of conditions was integrated to give the average heat transfer coefficient. These 
values were plotted as a function of distance between nozzles and the surface (a) in 
Figures 4.
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Figure 4. The variation of mean surface heat transfer coefficient with the distance 
between the surface and the nozzles (a) for v=100 m/s and b=12.7 mm (0.5 inches)
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Figure 5. The variation of mean surface heat transfer coefficient with the distance 
between the nozzles (b) for v=100 m/s and a=3.2 mm (0.125 inches)

To minimise costs it is obviously necessary to minimise gas flow. As the gas flow for 
a given nozzle is fixed by the cooling rate required, the only variable available is the 
distance between nozzles. Surprisingly the distance between the nozzles has little 
effect on the heat transfer coefficient as can be seen from Figure 5. This effect is 
due to the area of high turbulence created at the edge of the nozzle at high gas 
velocities. The effect can clearly be seen in the velocity vector diagram (Figure 6).
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Figure 6(a). The velocity vector diagram for a nozzle to surface distance of 3.2 mm 
(0.125 inches), distance between nozzles of 190.5 mm (7.5 inches) and a gas 
velocity of 100 m/s.
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Figure 6(b). A detail close to the nozzle edge from the velocity vector diagram for a 
nozzle to surface distance of 3.2 mm (0.125 inches), distance between nozzles of 
190.5 mm (7.5 inches) and a gas velocity of 100 m/s.



The heat transfer coefficient is also relatively insensitive to scaling factor; i.e. if all the 
size factors are reduced by a factor of four, which is likely to include the maximum 
practical range of jet sizes, there is only a 30% increase in heat transfer coefficient 
[5].

This lack of sensitivity to the size of the nozzles and the distance between them 
makes the design of quenching enclosures, especially for complex shapes, much 
simpler. However the close approach to the surface required by the technique does 
result is the need for careful consideration of the nozzle sites. As a result of the high 
pressures used it should be possible to eliminate the need for a product support 
during quenching. The effect of the product’s weight will be small compared with the 
applied force of the gas and the product would float within the nozzle field. If the ratio 
of the diameter of the nozzle and the distance between the nozzle and the surface is 
chosen as four (the point at which the area for gas escape equals the area of the 
nozzle) then any reduction in distance will increase the pressure at the nozzle for a 
given flow increasing the separation again making the system self compensating. 
Small inconsistencies would be introduced into the flow field in a practical device and 
would lead to oscillation or rotation of the component producing more even 
quenching. The high velocities used will probably lead to high noise levels in the 
vicinity of the quench. However, it should be possible to minimise this effect by 
proper use of sound insulation around the cold wall quenching chamber.
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Figure 7. The effect of velocity on mean heat transfer coefficient for a=3.2 mm 
(0.125 inches) and b=38 mm (1.5 inches)

Because the cooling rate is almost linearly related to the gas velocity at gas velocities 
below 100 m/s (Figure 7), and the velocity is related to the supply pressure, it is 
obviously simple to control the cooling rate. Although higher velocities towards sonic 
will result in higher cooling rates, the rate of increase is non-linear and their use is 
likely to be restricted to applications where the highest possible cooling rates are 
required.



Validating the model

In order to validate the model it was necessary to construct a test rig. When the rig 
had been constructed it was modelled with Fluent 6.0.12 using the same conditions 
that had been used previously (Stratton et al, 2000), except that some of the physical 
characteristics of the steel were replaced with more recent data.

Mass flow inlets

Pressure
outlet

Figure 8. The model

The model domain was set at a 200 mm radius, almost twice the radius of the 
specimen and extended vertically to the gas distribution manifolds above and below 
the sample (200 mm total). The specimen and tube bank arrays to form the jets were 
thus centrally located within this cylindrical domain (Figure 8).

The model was meshed in two parts. The internals of the gas feed tubes and 
specimen itself was meshed using a regular hexahedral scheme (50,000 cells), 
whereas the gas space was meshed using a pyramidal scheme (800,000 cells). 
Attention was placed particularly on resolving the mesh near the tube tips and 
specimen surface. Owing to the need for different mesh densities in the specimen 
and in the gas flow space non-conformal interfaces were set up on the specimen 
boundaries. This allowed higher quality meshes with fewer cells to be generated for 
each region.

Initially the standard Fluent segregated solver was used together with first order 
discretisation for momentum, energy and turbulence parameters with nitrogen 
simulated as an incompressible gas. The k-e turbulence model was also used with 
standard wall functions. An initial steady solution was achieved for a cold flow and 
then for a fixed hot sample temperature. During this period the mesh at the tips of 
the nozzles and on the surface of the sample were repeatedly adapted (refined) to



ensure that the boundary layer assumptions of the model were within the valid range 
(Y+ in the range 30-60).

The solver was then switched to the unsteady mode (1st order implicit) with a time 
step of 1 second. Although the maximum number of iterations per second was set to 
100 to ensure a good degree of convergence each time step, the model would 
typically converge with considerably fewer iterations, especially towards the end of 
the simulation. Convergence criteria were set for normalized unsealed residuals of 
10’3 for continuity, velocity and turbulence and lO"6 for energy and radiation with 
model mass and energy imbalances monitored periodically across boundaries. 
Calculations performed on a dual 1.7 GHz P4 processor Dell Precision workstation 
with 1 GB Ram took approximately 90 seconds per iteration. Time constraints and 
the close comparison with experimental results precluded extending this work to look 
at the effects of various modeling options e.g. higher order discretisation schemes, 
turbulence models and compressibility.

Figure 9. The temperature distribution after 2 seconds

Figure 10. The temperature distribution after 6 seconds



Figure 11. The temperature distribution after 30 seconds

Figure 12. The temperature distribution after 86 seconds
Typical model outputs for 2, 6, 30 and 86 seconds quenching are shown in Figures 9 
to 12 respectively. The model was also used to predict the cooling curve at the 
position of the thermocouple.

Several experimental runs were carried out. It is obvious from the results (Figure 13) 
that the model predicted a much lower initial cooling rate than occurred in practice. 
Figure 14 compares the actual cooling rate with that predicted by the model. It is 
postulated that the large difference in initial cooling rate was caused by radiative heat 
losses that were not taken into consideration in the model.
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Figure 13. Actual and predicted cooling curves
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Figure 14. Comparison of the actual cooling rate with that predicted by the model

The modelling was therefore repeated taking into account radiative heat losses. The 
effect of this modification is shown in Figure 15. The discrete-ordinates model was 
chosen to simulate the radiative losses with a sample surface emissivity of 0.8. The 
simulation was started from the actual pre-heat furnace temperature to allow for a 
more representative thermal distribution at the start of the gas quench. This choice 
of assumed emissivity was validated, as the modelled cooling by radiation was at a 
similar rate to that measured in the experiment. There is now a significant difference 
between the cooling rates at the surface and in the core of the sample due to the 
high initial heat loss from the surface by radiation. The modelled cooling rate in the



core is increased over the same sort of temperature range as the actual but not to 
the same magnitude.
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Figure 15. Comparison between actual and modelled cooling rates when radiation is 
taken into account

It was suggested that the equilibrium Cp values used for the model were 
inappropriate for continuous cooling conditions [6]. Cp values appropriate to the 
phases present at the time derived from the continuous cooling curve were 
substituted with the results shown in Figure 16. The match with the experimental 
data was now almost exact.
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Figure 16. Comparison of the original and revised model quenching curves with the 
experimental data

Conclusions

Jet arrays for quenching steel components can successfully be optimised by 
modelling them using CFD. An array with the jets about four to eight times their own



diameter apart and the distance of a quarter of the diameter from the surface with a 
jet velocity was 100 m/s was found to be optimum. The results of experimental work 
suggested that radiative heat loses must be included in the model. It also showed 
the importance of using dynamic rather than equilibrium data for modelling steels 
under a rapidly changing temperature regime.
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QUENCHING METHOD AND FURNACE

This invention relates to a method of quenching hot metal objects, typically 

metallic components of machines.

It is very well known that quenching a metal object (i.e. rapidly chilling the 

object from a heat treatment temperature typically in the austenitic range to a 

much lower temperature less than 100°C and normally less than 50°C) can 

significantly improve its mechanical properties and characteristics.

Quenching is used to harden the object, or to improve its mechanical 

properties, or both, by controlling internal crystallisation and/or precipitation, 
for example. Traditionally, quenching has been carried out using liquids such 

as water, oil or brine, either in the form of an immersion bath or a spray. In 

more recent years, gas quenching methods have been proposed. Gas 
quenching, as, for example, described in EP-A-1 108 793, has, in theory, the 
advantages of being clean, non-toxic and leaving no residues to be removed 

after quenching. Practical difficulties arise however. One of these practical 

difficulties is the need to provide jigs to support the objects being quenched.

GB-A-2 208 392 discloses a method for the quenching and transformation of 

steel shot. In a first stage of cooling the steel shot is fed at elevated 

temperature into a fluidised bed of the shot and air is passed through the bed 
to quench the shot to a temperature of 250°C to 450°C. The quenched shot is 

fed to a static bed in a second container where it is held at a temperature in 
the range of 250 to 450°C.

According to the present invention there is provided a method for the gaseous 

quenching of small hot metal objects, comprising tumbling the small hot metal 
objects in an upward flow of quenching gas distributed uniformly from a 

multiplicity of openings in a horizontal floor, the quenching gas flowing from 
the floor at a uniform tumbling velocity and being subjected to deceleration so
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to keep down the number of the objects carried away by the quenching gas, 

the tumbling being performed for a sufficient period of time for the objects to 

be quenched to a desired temperature.

The invention also provides a heat treatment furnace having associated 

therewith a quenching chamber for performing the method according to the 

invention, the quenching chamber having a horizontal floor, there being a 

multiplicity of openings in the horizontal floor for the distribution of quenching 

gas to the quenching chamber, wherein the quenching chamber has a region 
of constant cross-sectional area bounded at its lower end by the floor and at 

its upper end by a region of increasing cross-sectional area in the direction of 
flow of the quenching gas.

By tumbling the objects in the quenching gas, there is no need to provide any 

jigs to support them. Further, tumbling facilitates the achievement of uniform 

cooling necessary to minimise the creation of undesirable stress patterns in 
the objects.

The metal objects are typically engineering components, for example, 

washers, ball bearings, screws and small shafts and the like. They are 

preferably all of a size such that they can be readily levitated by a gas flowing 
at a subsonic velocity, preferably in the range of 15 to 150 m/s. Higher 
velocities may be used to tumble larger components.

The quenching gas may, for example, be nitrogen, which is readily and 

cheaply available commercially from the separation of air. The nitrogen 

preferably has added to it a small proportion (for example up to 2% by 

volume) of a reducing gas (for example hydrogen) so as to inhibit oxidation of 

the objects being quenched without creating a flammable gas mixture.

Instead of or in addition to nitrogen, argon, carbon dioxide, hydrogen or 

helium may be used as the quenching gas. Hydrogen and helium have 

superior heat transfer properties to the other gases. A mixture of two or more
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of nitrogen, carbon dioxide, argon, helium and hydrogen is another alternative 

quenching gas.

The arrangement of the quenching chamber enables the gas to undergo 

deceleration so as to keep down the number of the objects that are carried 

away by the quenching gas.

The floor is preferably provided by a flat perforate member having an open 

area of less than 20%. The perforations are preferably uniformly spaced and 

are preferably ail of the same size and shape. The perforations are preferably 

all of circular cross-section, having a diameter which may be selected 

according to the size of the objects to be quenched. The perforated member 

may comprise a solid plate with evenly spaced drilled apertures. Alternatively, 

at lower cost, it may comprise a sheet of expanded metal or woven metal (e.g 

steel) mesh having a ratio of solid area to open area of not less than 4:1. The 

smaller the size of the apertures the more uniform the gas field, but there is a 

tendency for very small apertures to become clogged, so it is preferred that 

each aperture has a diameter of at least 1 mmz. The perforated member is 

desirably sufficiently strong to support the objects at maximum loading in the 

event of the supply of gas being stopped or failing.

The floor typically defines the top of a plenum chamber to which the

quenching gas is supplied at an elevated pressure typically in the range of 2 

bar to 20 bar.

The method according to the invention may be performed in association with 

the operation of a batch furnace, a semi-continuous furnace, or a continuous 

furnace Quenching methods and chambers according to the invention will 

now be described by way of example with reference to the accompanying 

drawings, in which:

Figure 1 is a plan view of a quenching chamber according to the invention;
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Figure 2 is a section through the line li-ll in Figure 1;

Figure 3 is a section through the line llt-lli in Figure 1;

Figure 4 is a graph illustrating the variation of cooling rate of steel spheres at 

600°C with diameter when they are quenched in nitrogen by the method 
according to the invention; and

Figure 5 is a graph illustrating the effect of aspect ratio on the cooling rate of 

steel cylinders as 600°C for constant weights during tumbling in nitrogen in 
accordance with the invention.

Figures 1 to 3 of the drawings are not to scale.

With reference to Figures 1 to 3, a quenching apparatus comprises a 

quenching chamber 2 having a horizontal perforate floor 4 at its bottom and 

being open at its top 6. As shown in Figure 1, the chamber 2 is square in plan 

view. Alternatively, a cylindrical chamber 2 may be used. The chamber 2 has 

a lower region 8 contiguous to an upper region 10. The side walls 12 of the 

chamber 2 are vertical where they bound the lower region 8, but diverge at an 
angle of slope of 7° or less thereabove.

The floor 4 defines the top of a plenum chamber 14 with which a gas supply 

pipe 16 communicates. The pipe 16 is preferably coaxial with the vertical axis 

of the chamber 2. The chamber 2 may, if desired, be packed with a porous 

material such as steel wool to improve gas distribution.

The floor 4 is provided by a perforated plate or wire mesh. Its total open area 

is less than the open area of pipe 16 at its inlet to the plenum chamber 14.

The floor 4 has a multitude of orifices 18 formed therethrough. The orifices 18
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are uniformly disposed and are all of identical size and shape, preferably 

being of circular cross-section.

The top 6 of the quenching chamber 2 may be fully open or partially closed. If 

partially closed, the partial closure should not disrupt gas flow from the 

plenum chamber 14 up through the quenching chamber 2. In general, the 

open area at the top 6 of the quenching chamber 2 is greater than the area of 

the floor 4.

In operation, components or objects to be quenched are typically discharged 

from, say, a batch furnace into the top of the device. Charging may be 

effected either mechanically or by hand. Quenching gas, for example 

nitrogen, typically containing a small amount of hydrogen to render it reducing 

but non-flammable, is introduced at elevated pressure typically in the range of 

2 to 20 bar into the plenum chamber 14 from the gas pipe 16. The supply 

pressure is chosen so as to create a gas velocity through the floor 4 sufficient 

to levitate the components or objects being quenched. The number of 

components or objects that are quenched at any one time is selected to 

minimise collisions between the objects. The upward flow of quenching gas 

through the region 8 of the quenching chamber 2 is at an essentially uniform 

velocity. The velocity gently diminishes as the gas flows upwardly through the 

upper quenching region 10. The maximum quenching velocity at the bottom 

of the quenching chamber 2 is typically chosen to be greater than that needed 

to keep the objects or components to be quenched levitated. The minimum 

velocity at the top of the upper quenching region 10 is such as to ensure that 

essentially none of the objects or components are carried out of the top 6 of 

the quenching chamber 2 with the quenching gas. In practice, small local 

variations in the gas velocity cause the objects or components to tumble in the 

quenching gas. The tumbling of the objects or components is continued for a 

sufficient period of time for their temperature to fall from an initial 600°C or 

higher, typically 850°C, to a temperature less than 100°C, typically less than 

50oC.



When they have been sufficiently quenched the objects or components are 

removed from the quenching chamber 2. Removal of the objects or 

components may be effected in any one of several different ways. For 

example, if desired, the lower region 8 of the quenching chamber 2 may be 

provided with a door (not shown). The gas velocity is reduced to zero in a 

controlled manner so as to avoid any severe impact of the objects or 

components on the chamber floor 4. The door is opened and the parts are 

removed. If the parts are so small that they would fall through the orifices 18 

in the floor 4 a solid plate may be interposed between the floor 4 and the 

lower region 8 of the quenching chamber 2. Another alternative is to employ 

a detachable plenum chamber 14. A further alternative is to eject the objects 

or components through the top 6 of the quenching chamber 2. This can be 

done by increasing the gas supply pressure and hence the gas velocity at the 

top such that it exceeds the maximum velocity needed to levitate the objects 

or components. The ejected objects or components may be captured in a 

suitable device such as a baghouse or vortex separator. Ejection from the top 

has the advantage of eliminating the risk of any falling into the plenum 

chamber 14 but increases the consumption of quenching gas. If a door is 

provided for the discharge of the objects or components, the top 6 of the 

quenching chamber 2 may be closed so that when the door is opened the gas 

ejects the objects or components through the open door.

The above described methods of discharging the components or objects are 

all suitable for use with batch or semi continuous furnaces. If the furnace is a 

continuous one, then an arrangement of two or more quenching apparatuses 

of the kind shown in Figures 1 to 3 of the drawings may be employed. The 

continuous furnace may be arranged periodically to discharge into a first 

quenching chamber. When that chamber is fully loaded the components are 

diverted to a second quenching chamber. The quenching of components in 

the first chamber is then completed and the components are withdrawn. On 

completion of the withdrawal, components are now sent from the furnace to
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the first chamber while quenching continues and is completed in the second 

chamber. The cycle may thus be repeated continuously. The capacity of the 

quenching chambers is determined in accordance with the throughput of 

components and the necessary residence time of the components to 

5 complete quenching.

There is no need to employ any intermediate particulate fluidised medium to 

facilitate heat transfer between the metal objects and the quenching gas, and 

it is preferred that no such medium be employed.

10

The quenching method according to the invention is further illustrated by the 

following examples:

Example 1
15

The first example is the quenching of small cylinders manufactured from steel 

(density 7840 kg/m3). Each cylinder is 3 mm diameter and 30 mm long. Its 

weight is therefore 0.001568 kg. The quenching gas is nitrogen.

20 The general formula for the gas velocity required to levitate the component is:

V * [(2xMx9.81) / (AxD)] 05 [1]

Where V is the gas velocity in m/s,

25 M is the mass of the component in kg,

A is the projected area of the component in m2, 

and D is the density of the gas in kg/m3

The gas velocity therefore depends on the area projected by the component. 

30

For the cylinder the minimum projected area is a circle of area -nr2 where r is 

the radius of the component, and in this example equals 0.0000069 m2. The
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density of nitrogen is 1.1605 kg/m3 at 21.1°C and 1 atmosphere pressure.

The maximum required gas velocity is therefore 62 m/s.

The component’s maximum projected area is a rectangle of area 2rh, where h 

5 is the height of the cylinder, and in this example equals 0.00009 m2. The 

minimum required velocity is therefore 17.2 m/s.

To achieve this velocity difference the area of the chamber 2 increases 3.6 

times between the maximum and minimum velocity points if components are 

10 not to hit the bottom of the chamber or be ejected at the top. This is the 

equivalent of a 1.9 times increase in the diameter of a circular cross section 

chamber. At the maximum design slope, this implies that the distance

between the upper and lower velocity points is 3.66 times the diameter of the 

bottom of the chamber.
15

Calculation suggests that the heat transfer coefficient for this component will 

be of the order of 120 to 22 W/m2/°C.

Example 2
20

Example 2 is of the quenching of cylinders manufactured from the same 

material as Example 1 and with the same aspect ratio but a 10 times larger 

diameter.

25 Calculation using equation [1] gives minimum and maximum velocities of 55.8 

and 199.2 m/s for this component All the aspects of the quench chamber 

design are thus the same as for Example 1 except for the maximum gas 

velocity. Calculation suggests that in this case the heat transfer coefficient 

will be in the range 300 to 330 w/m2/°C.
30
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Example 3

Example 3 is the quenching of rectangular plates again manufactured from 

the same material as Example 1. Each plate is 20 mm wide, 100 mm long 
and 2 mm thick.

Calculation using equation [1] gives minimum and maximum velocities of 16.3 

and 115.2 m/s for this component However, in this case the ratio between 
the maximum and minimum velocities is 7.07 implying a ratio of minimum to 

maximum diameter of the quench chamber of 2.66 times which with a 7° 

slope gives a height of 6.76 time the diameter of the base.

Example 4

Example 4 is the quenching of gear shafts again manufactured from the same 

steel as Example 1. Each shaft is 400 mm long and has a diameter of 40 

mm. Part way along the length of the shaft (the exact position does not affect 
the calculation) there is a gear 100 mm diameter and 50 mm wide.

For this example the maximum and minimum gas velocities are 118.5 and 

76.2 m/s. This would put it into the range of quenching rate 200 to 400 

w/m / C. As the minimum and maximum velocities are very similar the 

quench chamber need only be 1.25 times its bottom diameter at the top 1.02 
times the diameter above the base.

Example 5

Example 5 is the quenching of spheres of the same density material 25 mm 

diameter (a typical large ball bearing). Applying Equation [1] to this object we 

find that there is only one velocity for this object as it has an aspect ratio of 

one. The levitation velocity is 47 m/s.
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Example 6

Example 6 is the quenching of 2 mm diameter spheres. This would need a 

levitation velocity of only 13.3 m/s.

5

These examples shown that the larger the aspect ratio, the larger the 

difference in minimum and maximum velocities and the larger the difference 

between the area of the floor 4 and the top 6 of the quenching chamber. 

Design of the chamber needs therefore take into account the largest aspect 

10 ratio part to be processed almost regardless of its size. The size and the 

number of components to be processed simultaneously needs to be taken 

into account when determining the bottom diameter size. The quench 

chamber 2 is preferably slightly deeper than required by these calculations to 

allow for the effects of momentum during tumbling adding to both upward and 

15 downward motion.

It is somewhat counterintuitive to find that using the method according to the 

invention larger, heavier objects with larger aspect ratios have a higher heat 

transfer coefficient than lighter spherical objects or even lighter high aspect 

20 ratio objects. However, heat transfer coefficient is not the only fact that needs 

to be taken into consideration. The absolute amount of heat to be removed 

also affects the cooling rate. Thus for the same heat transfer coefficient 

smaller parts cool faster.

25 Cooling rates at 600°C are set out below.
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Example Estimated average

heat transfer 

coefficient (W/m2/°C)

Thermal

mass at

600°C (J/°C)

Surface area
(m2)

Cooling

Rate (°C/s)

1 170 1.16 0.0002865 25

2 320 1230 0.0297 4.6

3 170 25.3 0.00448 18

4 300 4836.5 0.0597 2.2

5 200 47 0.00196 5

6 80 0,024 0.0000125 25

It is possible to calculate the cooling rate that can be achieved for all shapes. 

However, the results for some typical shapes are shown below in Figures 4 

and 5. The heat transfer coefficient used is an estimated average based on a 

5 combination of different gas flow conditions during tumbling. The calculated 

cooling rates are for convective heat transfer only and do not include the 

effects of radiation heat loss which are relatively small at 600°C. Although 

most steels are quenched from about 850°C it is the cooling rate at around 

5Q0°C where the cooling rate is most critical with regard to the crystal 

10 structures formed.

It has been shown that a low alloy steel (SAE 8620) will fully harden when gas 

quenched with a cooling rate of 20°C/s or higher. Thus, for example, it can be 

seen from Figure 4 that spheres of this material will fully harden if their 

15 diameter is less than approximately 3 mm. Other materials have lower critical 

cooling rates. For a material with a critical cooling rate of 15°C/s for example 

from Figure 2, all cylinders weighing 1 g or less will be fully hardened.

it can be understood from the foregoing that for lower hardenability materials 

20 the method according to the invention is restricted to lighter components. The 

method is particularly applicable to these light components as it produces
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©ven quenching in an environmentally friendly medium without the need for 

complex jigging. If higher hardenability materials are used then much heavier 

components can be processed. The method according to the invention is 

particularly applicable to larger complex parts of high hardenability such as 

5 spiral gears of BS970:708A42 steel or high load capacity carburised gears of 

8S970:835M15 steel where uniform quenching is required, especially as there 

is no need for a jig to maintain the part in the same position during quenching.
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20

5.

25 6.

7.

CLAIMS

A method for the gaseous quenching of small hot metal objects, 

comprising tumbling the small hot metal objects in an upward flow of 

quenching gas distributed uniformly from a multiplicity of openings in a 

horizontal floor, the quenching gas flowing from the floor at a uniform 

tumbling velocity and being subjected to deceleration so as to keep 

down the number of the objects carried away by the quenching gas, 

the tumbling being performed for a sufficient period of time for the 

objects to be quenched to a desired temperature.

A method as claimed in claim 1, in which the quenching gas is 

nitrogen.

A method as claimed in claim 2, in which the quenching gas contains 

up to 2% by volume of hydrogen,

A method as claimed in any one of the preceding claims, in which the 

uniform tumbling velocity is in the range of 15 to 150 m/s.

A method as claimed in any one of the preceding claims, in which the 

floor is provided by a flat perforate member having an open area of 

less than 20%.

A method as claimed in claim 5, in which the perforations are uniformly 

spaced and are all of the same size and shape.

A method as claimed in claim 6, in which the perforations are all of 

circular cross-section.
30
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8. A method as claimed in any one of the preceding claims, in which the 

floor defines the top of a plenum chamber to which the quenching gas 

is supplied at an elevated pressure.

9. A method as claimed in claim 8, in which the elevated pressure is in 

the range of 2 bar to 20 bar.

10

15

20

10. A method as claimed in any one of the preceding claims, wherein the 

metal objects are engineering components.

11. A heat treatment furnace having associated therewith a quenching 

chamber for performing a method as claimed in any one of the 

preceding claims, the quenching chamber having a horizontal floor, 

there being a multiplicity of openings in the horizontal floor for the 

distribution of quenching gas to the quenching chamber, wherein the 

quenching chamber has a region of constant cross-sectional area 

bounded at its lower end by the floor and at its upper end by a region of 

increasing cross-sectional area in the direction of flow of the quenching 

gas.

12. A furnace according to claim 11, wherein the furnace is of a batch, 

semi-continuous or continuous kind.
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US 6,554,926 B2
1

QUENCHING HEATED METALLIC 
OBJECTS

FIELD OF THE INVENTION 5
This invention relates to methods of quenching heated 

metallic objects.

BACKGROUND OF THE INVENTION
It is very well known that quenching a metallic object 

(i.e., rapidly chilling the object from a heat treatment tem
perature in the austenitic range to a much lower, usually 
room, temperature) can significantly improve its mechanical 
properties and characteristics. Quenching is used to harden ^ 
the object and/or to improve its mechanical properties, by 
controlling internal crystallisation and/or precipitation, for 
example. Traditionally, quenching has been carried out using 
liquids such as water, oil or brine, either in the form of an 
immersion bath or a spraying system. In more recent years, 2( 
gas quenching methods have been developed. Gas quench
ing has the advantages of being clean, non-toxic and leaving 
no residues to be removed after quenching, however diffi
culties have been encountered in achieving similarly high 
quenching rates as are provided by more conventional liquid 2 
quenching processes.

Quenching is a high speed process, requiring the heat 
within the object to be drawn away at a high heat flow 
density through the cooled surface of the object. It is usually 
desirable for the quenching of the object to be uniform, so 3 
that the quenched object has uniform surface or internal 
characteristics, however, uniformity of quenching is difficult 
to achieve in most quenching techniques, due to various 
factors, principally Leidenfrost’s phenomenon. The quench
ing effect of any quench system is usually characterised in ; 
terms of the Grossman quench severity factor, H; for liquid 
quenchants such as water or oil, H usually falls in the range 
0.2 to 4. Such high values of H are not easily attainable using 
gas quenching; when quenching using gas, the cooling 
intensity can be increased using several different means, 
increasing the quenching pressure; increasing the velocity at 
which the gas is sprayed on to the abject; choice of gas 
(nitrogen is less preferable than helium, which is less 
preferable than hydrogen, because of their respective heat 
transfer coefficients, although helium and hydrogen are 
expensive compared to nitrogen); optimising the gas flow 
conditions and enhancing the turbulence, and enhancing the 
cooling of the gas.

Gas quenching employing multiple cooling gas streams 
comprising mainly nitrogen, argon and/or helium at pres
sures up to 60 bar has been practised in vacuum furnaces, 
and its characteristics for quenching bulk componenls are 
well known. More recently the gas quenching of single or 
small groups of components which had been heated in cither 
vacuum or conventional atmosphere furnaces has been pro
posed. To eliminate the need to cool the furnace stmeture, 
these techniques involve the transfer of the object to be 
quenched to a specially designed cold chamber, as is known 
in the art.

In order to meet the criteria for uniform quenching of a 
single object or component it is necessary for the quenchant 
to reach the surface of the object uniformly. In practical gas 
quenching processes this implies that gas which has been 
heated through contact with the object must also leave the 
surface uniformly (so that further fresh, cold gas can reach 
the surface to continue the quenching process); therefore 
discrete amounts of arriving and departing gas must exist.

2
Theoretically these amounts would ideally be infinitely 
small, but practical considerations necessitate that they be as 
large as possible so far as is consistent with substantially 
uniform heat transfer.

A second factor affecting quenching uniformity is the 
interaction of the individual gas streams. It has been shown 
that, for constant mass flow and a stream width (d) to 
distance between the gas nozzle orifice and the surface of the 
object (a) ratio of four, the heat transfer coefficient reaches 
a maximum when the distance between adjacent gas streams 
(b) is three times the stream width (d). The turbulence 
formed at the edges of the gas streams as they impinge on 
the object surface is known to have a significant effect on the 
transfer of heat, however the form and size of these turbulent 

i areas is difficult to predict due to the complex interaction 
between the gas streams.

A further factor affecting the uniformity of gas quenching 
is that although the velocity of the gas striking the object 
surface should be as high as possible, and as near perpen- 

3 dicular to the surface as possible, the velocity and angle of 
incidence relative to the surface of the gas streams must also 
be as uniform as possible, as the heat transfer coefficient is 
dependent on both of these. It has been suggested that, to 
maximise the heat transfer coefficient and to minimise the 

5 interaction factor between adjacent gas streams, the distance 
(a) between the gas nozzle orifice and the surface should be 
as large as possible so far as is consistent with the loss of 
velocity of the gas stream over distance. For example, U.S. 
Pat No. 5,452,882 proposes that, in order to achieve a 

0 quench severity factor, H, of between 0.2 and 4, a plurality 
of gas streams of diameter d should be directed towards the 
object to be quenched from nozzles (of diameter d) spaced 
at a distance between 2 d and 8 d from the surface of the 
object and with a distance between adjacent nozzles, b, of 

55 between 4 d and 8 d. There is a continuing need to provide 
an efficient and economic gas quenching process capable of 
high quench severity and of substantial uniformity.

SUMMARY OF THE INVENTION
W Accordingly, the present invention provides a method of 

quenching a heated metallic object comprising discharging 
a plurality of discrete gas streams from a plurality of nozzle 
outlets such that the gas streams impinge substantially 
uniformly over the outer surface of the object, wherein the 
distance (a) between each nozzle outlet and the outer surface 
of the object against which the associated gas stream 
impinges is less than or equal to half the diameter (d) of the 
nozzle outlets.

For the avoidance of doubt it should not be inferred from 
the use of the word "diameter1’ that the invention is limited 
to gas streams of circular cross section; the present invention 
extends to gas streams of any cross-sectional shape, the 
“diameter” of these being calculated through assuming that 
the cross-sectional area of a non-circular gas stream, for the 
purpose of putting this invention in to practice, is in fact 
circular. Thus the word “diameter” where used herein should 
be interpreted as meaning the diameter of a circular gas 
stream or the theoretical diameter of a circular gas stream 
which has an equal cross-sectional area to a non-circular 
stream. For such small distances between nozzle outlet and 
the object, the cross-sectional area and the “diameter” of the 
gas stream remains substantially constant throughout its 
transit between nozzle outlet and the object, and equal to the 
cross-sectional area and the “diameter1 of the nozzle outlet.

The nozzle outlets may be of substantially equal cross- 
sectional area, or the area of tire nozzles may vary, provided
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that the total area of nozzles per unit area of the object to be 
cooled remains substantially constant. It may, for example, 
be advantageous to have different nozzle areas in order to 
quench an object having a complex or convoluted surface 
shape or configuration. 5

Wo have discovered from investigating the complex inter
action of the gas streams that there is an unexpected and 
surprisingly large and rapid increase in the heat transfer rate 
at very small values of the distance between the gas stream 
nozzle outlet and the surface of the object (ie where a^O.5 1° 
d), when the areas of high turbulence produced at the edges 
of the nozzles interact with the surface of the object to 
maximise the transfer of heat to the gas and to produce more 
uniform cooling. Also, as will be described further below, a 
method in accordance with the invention is demonstrably 15 
capable of providing a substantially uniform quench, as a 
varied quench, as desired.

The method of the invention also enables quench rates to 
be achieved which are equivalent to conventional oil 
quenching using nitrogen, without requiring a high pressure 20 
quenching environment as is often conventional practice. By 
mixing hydrogen in to the quenching gas stream quench 
rates equivalent to those of water quenching can be expected 
(hydrogen having roughly three times the cooling effect of 
nitrogen). Adding hydrogen would have a further advantage 25 
of keeping the component bright during the quenching 
process (but at a higher gas cost than nitrogen alone).

There are further practical advantages arising from the use 
of such small distances between the gas nozzle outlet and the 30 
object surface. As this distance (a) decreases, the pressure 
necessary to supply the gas streams at the required velocity 
will increase; to generate such pressures using conventional 
compressor apparatus (as suggested in U.S. Pat. No. 5,452, 
882, for example) is difficult and costly—both in capital and 35 
running costs—but if the gas streams were supplied from a 
compressed or liquid gas source there would be no need for 
compressor apparatus. Instead, the gas source would provide 
high pressure gas, the pressure of which could be easily and 
cheaply regulated down if necessary, so that there would be 
no compression cost (gases such as nitrogen routinely being 
supplied at high pressure, or in liquid form), the only cost 
therefore being that of the gas. Even the gas cost need not 
necessarily be totally lost, as the cold wall quenching 
chamber could be run at a small excess pressure over 45 
ambient, 10 kPa say, and the quenching gas reflected from 
the object used as the entire heat treatment protective 
atmosphere, or part thereof.

Preferably the distance (b) between adjacent nozzle out
lets is less than or equal to eight times the diameter (d) of the 5(. 
nozzle outlets, and preferably more than two times this 
distance (d), so as to ensure uniformity of quenching.

The gas streams are preferably directed so as to impinge 
substantially perpendicularly on the surface of the object, to 
maximise quench severity. s*

Because the rate of cooling during quenching is directly 
related to the velocity of the gas streams, and the velocity to 
the gas supply pressure, it is a relatively simple matter to 
control the cooling rate. Those skilled in the art will appre
ciate the appropriate means whereby the gas supply pressure 6C 
to the nozzle outlets can be controlled, thereby to achieve a 
very accurately controllable rate of cooling during the 
quenching process; it is patently possible to produce any 
instantaneous cooling rate, within the limit of the maximum 
cooling rate possible, so that austempering and marquench- e; 
ing of objects are easily achievable. Moreover, because the 
method of the invention is primarily intended for the

4
quenching of single objects, it is possible to control with a 
high degree of accuracy the quenching rate with respect to 
the surface area of the object (so as, for example, to 
marquench one area of component whilst fast oil quenching 
another area in a single operation) and/or with respect to the 
quenching cycle (so as to vary the quenching rate during the 
quench), by controlling appropriately the quench gas flow 
rate, pressure and/or composition, and/or by varying the 
quench gas flow rate between different nozzles.

BRIEF DESCRIPTION OF THE INVENTION

The invention will now be described by way of example 
with reference to the accompanying drawings, in which:

FIG. 1 illustrates the heat transfer coefficient of a gas 
stream impinging perpendicularly on a surface as a function 
of the distance from the centre line of the gas stream;

FIGS. 2A, 2B and 2C show the heat transfer coefficient in 
a nitrogen gas quench system as a function of the distance 
(b) between adjacent gas streams at three different distances 
(a) between the gas nozzle outlet and the surface to be 
cooled/quenched;

FIGS. 3A, 3B, 3C and 3D illustrate the variation of the 
heat transfer coefficient in a nitrogen gas quench system as 
a function of the distance (a) between the gas nozzle outlets 
at different distances (b) between adjacent streams/nozzles;

FIG. 4 is a schematic cross-sectional view of an arrange
ment for quenching a heated gear wheel;

FIG. 5 is a schematic end view of part of a nozzle array 
for carrying out gas quenching in accordance with the 
invention; and

FIG. 6 is a schematic plan view of the nozzle array of FIG. 
5.

DETAILED DESCRIPTION OF THE 
INVENTION

As can be seen from FIG. 1, the heat transfer coefficient 
for a nitrogen gas quenching stream is at a maximum 
directly below the outside edge of the nozzle, where the 
areas of high turbulence form, and falls off as the gas flow 
is deflected and becomes more parallel to the surface. In this 
example, gas velocity is 100 ms-1, distance a between 
nozzle outlet and surface is about 50 mm and distance b 
between adjacent nozzles/streams is about 100 mm.

FIGS. 2A to 2C show the heat transfer coefficient as a 
function of the distance b between adjacent nozzles for a gas 
velocity of 100 ms-1 and at a distance a between nozzle 
outlet and surface of 100 mm (FIG. 2A), 51 mm (FIG. 2B) 
and 25 mm (FIG. 2c). On each graph (and in FIGS. 3A to 
3D) three curves are plotted, corresponding to the 
maximum, minimum and mid point heat transfer coeffi
cients; with reference to FIG. 1 the maximum heat transfer 
coefficient corresponds to the peak in the curve, at the point 

: where the areas of high turbulence form in the gas stream, 
the minimum heat transfer coefficient occurs at the mid point 
between adjacent gas streams (ie in FIG. 1, about 50 mm 
away from the centre line of the gas stream), and the mid 
point heat transfer coefficient is the coefficient midway 

i between the centre line of the gas streams/nozzles and the 
line midway between the jets (ie in FIG. 1, 25 mm from the 
nozzle centre line). As can be seen, there is a pronounced 
maximum heat transfer coefficient and an increased unifor
mity therein (ie there are corresponding maxima in the 

i maximum, minimum and mid pint heat transfer coefficients) 
as the distance a between gas nozzle outlet and surface 
decreases.
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In FIGS. 3Ato 3C, where the gas velocity is 100 ms-1 and 
the distance b between adjacent nozzles is 89 mm (FIG. 3a), 
38 mm (FIG. 3b) and 13 mm (FIG. 3c), it can be seen that 
there is a significant increase in the heat transfer coefficient 
at small values of distance b as the value of a, the distance 
between gas nozzle outlet and the surface, decreases below 
the value of b. A similar effect is achieved at higher and 
lower gas velocities, as is illustrated by FIG. 3D which 
shows the heat transfer coefficient at a gas velocity of 300 
ms"1 and a distance b between gas streams of 13 mm.

From the data illustrated in FIGS. 2 and 3 it is apparent 
that the heat transfer coefficient is inversely proportional to 
the distance a between the nozzle outlets and the surface. 
While the distance between nozzles has an increasing effect 
at larger values of a, its effect at small values of a appears 
minimal up to at least two times the nozzle/gas stream 
diameter d. Whilst it may have been reported that maximum 
heat transfer rates occur where a is equal to or greater than 
8 d and b is equal to or greater than 8 d, the rapid increases 
in heat transfer rate at very small separations (where a is less 
than or equal to d, and b is less than 3 d) has not previously 
been noted. The high maximum heat transfer rate in this 
region is also associated with high mid-point and minimum 
heat transfer rates, which is important for achieving unifor
mity of quenching. Indeed, the increase in heat transfer rate 
is particularly marked at values of a less than 0.5 d, d being 
equal to 12.7 mm.

FIG. 4 shows a gear wheel 2 centred within an array of 
nozzles 4, each nozzle being arranged to direct a gas stream, 
which travels in the direction of the arrows in the Figure, so 
as to impinge perpendicularly on to the gear wheel 2. The 
nozzles 4 have a uniform diameter d and the distance b 
between adjacent nozzles is twice d. The ends 4' of the 
nozzles are a distance a away from the closest surface of the 
gear wheel 2, and a is approximately equal to b. The arrows 
indicate the flow of gas in to the nozzles, gas which has 
already impinged on the surface of the gear wheel 2 being 
reflected away therefrom and drawn away along the inter
stices 5 between nozzles. As will be readily understood, 
individual nozzles 4 are preferably reciprocable along their 
longitudinal axis so as to adjust distance a to any desired 
value and/or to accommodate an object for quenching of any 
configuration. Accurate control of the quenching process is 
easily achieved by controlling the pressure of the gas 
supplied to the nozzles 4, and hence the velocity of the gas 
streams.

FIGS. 5 and 6 are end elevation and plan views, 
respectively, of part of the array of nozzles 4 of FIG. 4 
illustrating rows A, B, C, D of nozzles 4 each of which 
nozzles comprises a plenum chamber 6 having a hole 8 for 
passage of gas under pressure from the plenum chamber 6 in 
to the nozzle and out through the nozzle outlet 4' towards the 
surface 10 to be quenched. The nozzles are rectangular in 
cross-section, and similarly rectangular outlet passages 12 
are provided between the rows of nozzles 4 (ie in the 
interstices 5 between adjacent nozzles) for withdrawing gas 
away from the surface 10 after the gas has quenched the 
surface. The area of the holes 8 should be less than the 
cross-section of the plenum and the gas pressure in the 
plenum chamber 6 will exceed the pressure in the nozzles 4 
by a factor approximately equal to the ratio of the area of the 
hole 8 to the area of the nozzle 4. A gas pressure of 
approximately 60 fcPa would suffice to provide a gas velocity 
of 100 ms"1, and approximately 500 kPa to provide a 
velocity of 300 ms"1. The limiting gas velocity would be the 
speed of sound, about 340 ms"1.

A further advantage of the system of this invention arises 
from the typically high gas pressures. As a result of the high
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pressures used it should be possible to eliminate the need for 
a product support during quenching. The effect of the 
product's weight will be small compared to the applied force 
of the gas and the product would float within the nozzle field. 
Small inconsistencies would be introduced in to the flow 
field in a practical device and would lead to oscillation or 
rotation of the component producing more even quenching. 
If the ratio of the nozzle diameter to the distance between the 
nozzle and the surface is chosen as four (the point at which 
the area for gas escape equals the area of the nozzle) then 
any reduction in distance between the nozzle and the surface 
caused by the object moving will lead to an increase in 
pressure at the nozzle outlet, which will urge the surface 
away from the nozzle, so that the vibrations of the compo
nent within a nozzle array will tend to be self compensating. 
The high velocities used will lead to high noise levels in the 
vicinity of the quench. However, it should be possible to 
minimise this effect by proper use of sound insulation 
around the cold wall quenching chamber.

As an example a typical automotive gear having 150 mm 
diameter with a 20 mm face and a 20 mm bore is cooled in 
the apparatus of FIGS. 4 and 5. The total area to be quenched 
is approximately 0.045 m2, and the total mass of the year is 
approximately 1.35 kg. Assuming a nozzle configuration 
where the gap between nozzles is three times the nozzle 
diameter and a gas velocity of 100 m/s is required to achieve 
H=0.8 then the cooling time is approximately 30 secs. The 
volume of gas required to quench the year is 3.9 m3. The 
pressure required to create the required velocity at the nozzle 
tip is approximately 200 kPa (1 barg) thus the force being 
applied to side of the gear is 5.3 kg which is well in excess 
of the weight of the gear. For a practical quenching system, 
the pressure necessary in the system to produce such a 
nozzle tip pressure would be less than 600 kPa (5 barg).

In order to minimise costs it is necessary to minimise the 
overall flow of quenching gas. As the gas flow for a given 
nozzle is fixed by the cooling rate required, the only avail
able variable is the distance b between nozzles. Surprisingly, 
it has been found that varying the distance has little effect on 
the heat transfer coefficient, which shows an almost linear, 
and relatively slow, decline as b is varied between two and 
eight times the nozzle diameter. This effect is due to the area 
of high turbulence created at the edge of the nozzles at high 
gas velocities.

The heat transfer coefficient is also relatively insensitive 
to scale, such that if all the sizes of a quenching system in 
accordance with the system are reduced by a factor of four 
(which is likely to include the maximum practical range of 
gas jet sizes) there is an increase in heat transfer coefficient 
of only about 30%

This lack of sensitivity to the size of the nozzles and the 
distance between them makes the design of quenching 
enclosures, especially for complex shapes, much simpler. 
However the close approach to the surface required does 
result in the need for careful consideration of the nozzle 
sites. As a result of the high pressures used it should, as 
described above, he passible to eliminate the need for a 
product support during quenching. The effect of the prod
uct’s weight will be small compared to the applied force of 
the gas and the product would float within the nozzle field.

Because the cooling rate is almost linearly related to the 
gas velocity at gas velocities below 100 m/s, and the velocity 
is related to the supply pressure, it is obviously simple to 
control the cooling rate. Although higher velocities towards 
sonic will result in higher cooling rates the rate of increase 
is non-linear and the use of higher velocity is likely to be
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restricted to applications where the highest possible cooling 
rates are required. Not only is it possible to achieve a 
controllable rate but that rate can be varied through the 
quench cycle to produce any cooling profile within the limits 
of the maximum rate available. Thus austemporing, mar- 
quenching and delayed quenching are easy to achieve. The 
effect of doubling or halving each of the parameters increas
ing the mean heat transfer coefficient is summarised in the 
following table:

Pammeter
Double/
Half Range

% Increase in mean heat 
transfer coefficient

Gas Velocity Double 50-100
m/s

50

Distance between 
nozzle and surface 
(a)

Half 6.4—3.2
mm

37

Distance between 
nozzles (b)

Half 50.8-101.6
mm

14

Nozzle diameter Half 12.7-6.4
mm

15

It is notable that reducing the distance a from approxi
mately 0.5 to approximately 0.25 d caused a 37% increase 
in the mean heat transfer coefficient (d=12.7 mm).

While uniform quenching is often the aim, this system of 
individual component gas quenching opens the door to 
deliberate and controllable non-uniform quenching. For 
example in gear heat treatment it is possible to quench only 
the face and bore of a gear while producing a tough pearlitic 
web. It is also possible to quench only the wear faces of a 
shaft and not the threaded portion saving on costly stopping- 
off during the carburising treatment. Obviously very depen
dant upon the component, stopping-off typically accounts 
for 15 to 30% of the cost of the heat treatment.

In summary, gas quenching of individual components 
using nitrogen alone in a non-pressurised environment can 
achieve oil-like quenching characteristics. In order to 
achieve these rates the gas delivery nozzles must be at a 
distance from the component that is less than the diameter of 
the nozzle. The distance between the nozzles in the nozzle 
field has little effect on the maximum or minimum rate 
achieved within the nozzle field as long as it is less than eight 
nozzle diameters.

I claim:
1. A method of quenching a heated metallic object com

prising:
discharging a plurality of discrete gas streams from a 

plurality of nozzle outlets; and impinging the plurality 
of discrete gas streams substantially uniformly over an 
outer surface of the object, wherein a distance (a) 
between each nozzle outlet and the outer surface of the 
object against which the gas streams impinge does not 
exceed a value equal to half a diameter (d) of each of 
the nozzle outlets.

2. The method of claim 1, wherein the distance (a) is m 
the range 0.25 to 0.5 of the diameter (d).

3. The method of claim 1, wherein a distance (b) between 
adjacent nozzle outlets does not exceed a value equal to 
eight times the diameter (d) of each of the nozzle outlets.

4. The method of claim 1, wherein the distance (b) 
between adjacent nozzle outlets is at least equal to twice the 
diameter (d) of each of the nozzle outlets.

5. The method of claim 1, wherein the plurality of discrete 
gas streams impinge substantially perpendicularly to the 
outer surface of the object.

6. The method of claim 1, further comprising:
varying a pressure of gas supplied to the plurality of

nozzle outlets to vary the velocity of the plurality of 
discrete gas streams and the rate of cooling of the 
object.

7. The method of claim 1, wherein the plurality of discrete 
gas streams comprises elements selected from the group 
consisting of nitrogen, helium, hydrogen and a mixture 
thereof.

8. The method of claim 7, further comprising supplying a 
reservoir of gas for the step of discharging a plurality of 
discrete gas streams.

9. The method of claim 1, further comprising collecting 
gas reflected from the outer surface of the object, and 
directing the gas to surround the object to exclude ambient 
air from contact with the object during quenching.

10. The method of claim 8, wherein the gas is selected 
from the group consisting of compressed gas and liquid gas.

* * * * *
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Requirements for Gas Quenching Systems

P.F. STRATTON, N. SAXENA and R. JAIN BOG Gases

Following a review of the parameters which influence cooling rate in gas quenching, the 
authors examine the case for using gas mixtures and outline the factors to be considered in 
adopting recycling systems for recovery of the quench gas.

Many vacuum heat treatment cycles only require the furnace to be filled with gas to facilitate 
faster cooling and allow the door to be opened. However, in a growing number, the back
filling gas plays a critical role in achieving the desired product properties. The use of gas 
quenching in vacuum furnaces has advantages over both conventional processing and liquid 
quenching in vacuum furnaces. In the former case, vacuum furnace treatment produces 
clean work in an environmentally-friendly way; in the latter, gas quenching systems are
potentially more flexible and controllable, as well as being less capital-intensive .

The cooling rates which can be achieved depend on many factors, including furnace design 
features, such as gas velocity and pressure, and the physical characteristics of the gas or 
gas mixture itself. The latter aspect is the focus of this article but, as it cannot be dealt with in 
isolation, the furnace design parameters are also discussed.

The observations in this paper are equally applicable to any gas quenching system, whether 
or not the first phase of the heat treatment cycle is carried out in vacuum or in a conventional
atmosphere furnace2.

QUENCHING SPEED .
Increasing the speed of gas quenching in vacuum furnaces has been the objective of 
equipment manufactures since the mid 1960's. The higher the quench rates available, the 
larger the range of materials and products that can be vacuum hardened. The quench rate 
that can be achieved is dependent upon a several interrelated parameters.

• The difference in temperature between the ioad and the recirculating gas stream . The 
time t to cool from TA (the initial load temperature) to T2 (the final load temperature) is given

by:
t = (w.Cp /UA, )[ln(T1-Tf)/(T2-Tf)] [1]
where:
Tf = recirculation gas temperature;
U = overall heat-transfer coefficient;
Ag = the surface area of the load;
w = load weight;
Cp = specific heat of the material;
and where typically4:
U - 1/(1/h + D/2kp)
h = gas-phase heat-transfer coefficient;
D = typical part diameter (or thickness of coil); 
kp = thermal conductivity of the part.

This implies that one way to promote faster cooling is to ensure that the recirculating gas is 
cooled to lowest possible temperature before it returns to the furnace. Once the

1



temperatures are set, higher cooling rates can be achieved only by changing the constants in 

the term (w.Cp/U Ai).

• The surface area and weight of the load. In the term k= w.Cp / U A,, time for cooling can 
he reduced bv decreasing the total weight of the load or increasing its surface area. These 
parameters however cannot always “be controlled by an operator due to economrc

constraints3. For a given charge, the operator can only try to maximise the overall heat- 

transfer coefficient U.

• The overall heat transfer coefficient of the gas. Several studies have been reported on 
ways of increasing the heat transfer coefficient. The overall heat transfer coefficient U in

Equation [1]5 is fundamentally described as:

U=1/(1/h + D/2kp)) t2l
h = gas phase heat transfer coefficient 
D = typical part diameter (or thickness of coil) 
kp = thermal conductivity of the part

Eauation [21 demonstrates that overall heat transfer is determined by two factors; the gas 
nhase component represented by “h”, and the heat transfer within the solid represented by 
the termTjD" lor most cases, “h" < “2kp/D" and hence the gas phase dominates the 
overall heat transfer. Most studies reported in the literature correlate Pr°?®ss^r'f“®f ®u.^l 
as gas velocity and pressure to the gas phase heat transfer coefficient h . Maximising h 
will maximise heat transfer, but only to some extent.

If the part is large (D is large) or not conducting enough (Kp is low), part conduction may 
dominate the heat transfer. In such a case, increasing gas phase heat transfer coefficient 
“h" using gas mixtures or higher gas velocities will not significantly increase the over^1 h®a 
transfer coefficient. This fact must be kept in mind when conducting actual expenments in a 
furnace to determine the limit of improvement which is possible. Theremaimng ^cto/s 
described in this paper are all related to means of improving the gas 
coefficient “h". Under conditions where gas phase heat transfer dominates, the terms U
and “IT can be used interchangeably.

• The velocity of the gas. Gas velocity is, in general terms, a function of the power driving it
past the load. It has been shown1 that, over a large range, the overall heat-transfer 
coefficient U is proportional to the fan horsepower to the power of 0.23:
U = k(HP)0’23
for a given gas at a constant quench pressure in a given furnace, where HP is the horse
power of the circulation fan.

Thus if a 100hp fan gives a relative cooling coefficient of one, then 300hp gives a coefficient 
of 1.3. Therefore gains via this parameter are very rapidly limited by the size and cost of the 

equipment involved.

• The pressure of the gas. Gas pressure is the associate of gas velocity. Re combination 
gives mass flow rate and increasing mass flow rate results in increasing heat-transfer rate, it 
has been shown that heat-transfer coefficient is proportional to the gas pressure to the
power of 0.466 as shown in Fig.1^.

There are limits to the current practical operating gas pressure. These are set not only by the 
design and cost of a suitable pressure vessel, but by the ability of a gas supply system to
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deliver the required amount of gas in the very short time available, it has a,so been reported

that erosion of furnace furniture can be a problem at high quench,ng pressures .
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Fig. 1. Increase of relative cooling rate with increasing gas quenching pressure.

• The angle of incidence of the gas flow fo c°^°J1^trg^,he^r^eCrapidly than a 

gas flow perpendicular to the surface of very dlfficurt especially if the
lamellar flow parallel to that surface^ This d 5^ would produce a fully turbulent flow at

r™: SSSST-““‘ir
local variations in this parameter will result in uneven quenching rate, leadrng 

For turbulent flow around cylinders parallel to the surface .

bp.= 0.23[R<:[PC
K

and for turbulent flow perpendicular to the surface:

hD = o.3 + 
k

0.62 ReO 5Pft) 333

where:

r..M

Pr =

h = gas-phase heat-transfer coefficient at average temperature; 
n = characteristic dimension of the cylinder,
° = thermal conductivity of the gas at average temperature, 

n = gas velocity past the metal surface; 
r = qas density at average temperature;T — Udo u^i ion.j ^ -------- -
Cp = gas specific heat at average temperature, 
m' = gas viscosity at average temperature.
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At 9270C, the properties of nitrogen at 1bar are.

r = 0.2851 kg/m3 
Cp =1 2037 kJ/kg°C
m = 4.45 x 10'5 kg/ms 
k = 0.07184 W/m°C 
Pr = 0.748
At velocities of 60m/s over a single cylindrical bar 10mm diameter, these value5 Q'vea heat- 

transfer coefficient h of 112 W/mVc in parallel flow and 350 W/m / C in peipeodi ? 
in general agreement wfth pubUsh^ data ^ tow, a
perpendicular flow is better at stationary) is formed at the metal surface,
near-laminar boundary layer of nitrogen ( e ^ °he7hjCkness of this boundary layer
its thickness governing the extent 0 neroendicular flow, the impingement of
decreases with increasing velocity. ^^^"^ness, inaeasing heat
the gas on the metal d^erence i/heat transfer coefficients rises
r^rtt^eK^ng velodties before becoming an almost

constant 300 W/m2/°C as speeds approach sonic. Any such differences in heat transfe 
Sace to place on the rimponent are likely to lead to distort™.

Parallel flow 
’Perpendicular flow800 t-

700 —L

Gas velocity (m/s)

Fig. 2. Heat transfer coefficient in parallel and perpendicular flow for a 10mm diameter bar 

with increasing nitrogen velocity.
It can clearly be seen flora the forego^ that, ifffistod™ ^be minimus almost 

desjn o7smaH-wflume mulfl^hamber vacuum furnaces has already gone some way down 

this route6.
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. The heat capacity and thermal cQfiduehwIV oM/ie gas^ower ^“[^.^oiecu^ar weight

at a faster rate tom the component, hence

increasing the heat-transfer rate.

• The density and dynamic vtscosity of the in lower kinetic
lower densities. The iower dens^ rom^"^eadInSe tower heat-transfer rate. For 
energy (lower fan horsepoweri for a gi iye^^ of furnace conditions, helium would cool 
S^f^Tn^gSwever,' because «te helium wi„ draw only 14»/o of Ml current on 

the circulation fan, cooling rate will be increased by only 25%.

at aTg?vS^em^Mi?reaihe Srelahve:^!oolin(^<rtatest'for9severaie(Xi<mmo'^y-u<se^e9ta^IShm 

shown in Fig. 3.
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Fig. 3. Relative cooling efficiency of different gases

Table 1. Comparison of typical heat-transfer rates.laoie 1. w -Ji'

Quench medium
Heat-transfer rate 
(W.m'V)

Still air 50-80

Nitrogen (1bar) 100-150

Salt bath or fluidised bed 350 - 500

Nitrogen (10bar) 400 -500

Helium (10bar) 550 - 600

Helium (20bar) 900-1000

Still oil 1000- 1500

Hydrogen (20bar) 1250- 1350

Circulated oil 1800 - 2200

Hydrogen (40bar) 2100-2300

Circulated water 3000 - 3500
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It is obvious from the foregoing that the determination of cooling rate by calcutation for any 
giwn configuration is not possible and practical experiments are requ.red to generate the 
base data. Once these data are established, the effect of changing one of the Par3me e 
can be predicted with some degree of accuracy. Some typical heat-transfer rates, togethe 
with those for conventional quenching systems, are listed in Table 1.

Gase^ of low molecular weight have low densities but high heat capacities and thern^J 
amduct?vities compared with high-molecular-weight gases.

thermal properties but lack mass flow, and vice versa for heavy gases Jtmaybe concluded, 
therefore, that a mixture of the two might exhibit the benefits of both. Calculation shows this 
to be correct; Fig. 4 illustrates that, for nitrogen/helium mixtures at room temperature, the 
coefficient of heat transfer is at a maximum for a mixture containing 20% or so of nitrogen.

Coefficient 1 3 
of heat 
transfer 1.2

100 90 80 70 60 50 40 30 20 10

% Nitrogen in Helium

Fig. 4. The effect of nitrogen additions on the heat-transfer coefficient of helium.

It has been demonstrated by experiment that, at typical vacuum furnace temperatures, a

mixture containing 30-40% nitrogen performs better than the theoretical mbcture jti^y be 
postulated that this might be due to the nitrogen component being able to absorb more 

blower power.

Because the low-molecular-weight gases 
molecular-weight counterparts, not only is 
such mixtures but the cost is lower.

tend to be more expensive than their high- 
the heat-transfer rate maximised by the use of

There are also some disadvantages of using mixtures: rtllQnr,h
. If a gas mixture remains static in its holding tank for a long penod pnor to the quench 

striation may occur, resulting in only one component of the mixture being supplied when 
the quench is required. When gas recirculation is employed to minimise costs, the ratio 
of the mixture must be constantly monitored and adjusted. This factor alone increases 
the complexity of a recycle system for mixed gases considerably.

• The optimum mixture varies with temperature. Any given mixture ,s. thhefr^for® 
optimal at some part of the cooling cycle, although calculation suggests that the effect is

small.

• It should be noted that mixtures containing more that 5% hydrogen in an inert gas can 
potentially form a flammable mixture in exactly the same way as pure hydrogen. As the

6



optimum-quench-rate mixtures fall in this range, they must be treated in the same way 

as pure hydrogen for safety.

GASES OF CHOICE x . ri.
The combination of furnace operating characteristics required by any heat treater is likely to 
be unique but can be categorised by the quench rate required. For those materials requiring 
low cooling rates, from high-speed steels to die steels, quenching in nitrogen or argon at 
pressures below 10bar is satisfactory and by far the cheapest option. For more demanding 
materials, although higher-pressure nitrogen quenching is an option, it is Prohab'yirore cost- 
effective to use a helium quench with gas recycling, the cost of the recycle equipment be ng 
less than the additional cost of a furnace with a higher-pressure capability.

For oil-quenching materials, hydrogen is the only practical option. Although 20bar helium 
systems can, with good furnace design, achieve rates comparable to warm oil eros,t™° 
furnace furniture is known to be a problem. Hydrogen, with the appropnate safety equipment 
to ensure that it does not mix with air, is no more dangerous than any other high-pressure 
gas and can be very economical if a suitable recycle system is used.

RECYCLE SYSTEMS ^ . ...
When components are quenched from a conventional vacuum furnace such as that in rig. , 
it is unlikely that the quench gas will be significantly contaminated, greatly simplifying 
recycling. However, if the quenching is to be carried out from a vacuum carbunsing cycle for 
example some contamination of the quench gas is inevitable even if the quenching is earned 
out in an additional cold wall chamber. In systems where the quenching is earned out after a 
conventional atmosphere heat treatment, the problem is worse as some cross 
contamination will always occur during product transfer to the quenching vessel.

Figure 5. An Ipsen vacuum furnace equipped with a gas quenching system.

7



Such drag through can be minimised by purging the quenching vessel with dueich gas 

thought is put in at the specification phase. Some of the questions to be addressed are.

sssiSSSssB
also in the overall size of the recycle system.

Would it be possible to allow tramp gases to build up until some «*«*'«*'* "^

r^rxs«:s'=S£^"OT,“",,'e"
• ^^rar&‘^tf!«ss£5sconfponents th ™are relX^^y to remote from the recycled gas are: carbon

SSssarJirwssasas-*
to remove are: nitrogen and argon (if not being used for quenching) and C, to C,
^ai^aMswEssssKSSjj
if both qroups of components are to be removed. For both cases, gas recoyeneb u. 
to 95% can be obtained provided small amounts of nitrogen can e 

purified gas.

dependent'tiixl^ the flow rate of contaminated gas. not the absolute volume to be 

processed.
. When recovering the quench medium from the furnace, is pressure balan“"9 Jf 

■ r the ootimum route9 Would it be more economical to pump the quenchant up to 
^htnher'prossure'sTraighffromthe furnace, reducing receiver sizes and theauxtuntof

r^oC»Sf aO^tL increase in

the size of storage or buffer vessels.

. Is it necessary to return the gas to its original supply pressure or will some intermediate 
Lssf.ro sufte to meet the demands of supplying the gas to the furnace m the short 
time available? It is worth considering that larger pipework may be cheaper than large 

pumps and higher-pressure storage vessels?

8



A schematic showing the elements of a typical quench gas recycle system is shown in 

Fig. 6.

Furnace

Recycled Quench Gas

Compressor
or

Blower

o

s
•C

D_

Makeup

Quench
Gas

Receiver

Fig. 6. Schematic of a typical gas recycle system with clean-up.

There"areSmany factors to be taken into conskteration in the design of a gas quenching 

system. The most significant are:
. The design of the gas circulation system to minimise distortion by ensuring turbulent

. “°,in9 ^ iS

• The specification of any gas recycle system to minimise cost.

REFCEartEerCGESC. Optimizing gas quenching. Advanced Maferia/s and Processes. Feb.

to

Hokeaw.W0"H P̂praeture cooling pertbrmance in vaorum heat t^Ung furnaces as

Devenny D. Multiflow pressure quenching for distortion-free harde ng.
Materials. 1990, Vol. 6, No^2,88,90. aas auenching - an application forrren sept%e. r0 be
He^lrann^P.^Lhihrerea^and^eronomical - the new vacuum furnace with convective 

heating and gas high-pressure quenching. Degussa publication.
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7.
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Liquid-Gas Mixtures for Quenching
Mircea Stefan Stanesca", Pau! F. Stra«oA'Va^Nie1,0ff 

and Kenneth W. Grieshaber , BOC Gases, 
and Donald L. Moore*, Instruments & Technology, Inc.

ABSTRACT

The ASM Heat Treating Society Report need some years ago and has
quenching media that arc non-polluting and easy to • hanls with dose to oil.like performance. Tlte
been working towards developing water based P ^ aoueous solution-gas mixtures as quenchants, with a 
primary aim was to evaluate water-gas mixed with gas bubbled at
secondary aim of using polymer to a^ueyous solutions of higher polymer concentrations and

This paper reports on the results of o^tor°Md°pdy'rJ aqumS solutions. Cooling Curve Analysis

quenchant agilation on the quenching performance of and poj, q whh ^ carbo„
(CCA) was completed for water, wamr with and without carbon
dioxide, and slow quench oil quenchant. The in concentration of undisolved solids in suspension, was
22f--SS35SSS353SS5) * «««- « signiftonntdirferenoe inquunohing propuPies of 

quenchants, with or without scale dust.

The results of the tests applied ^ maximum
how the addition of carbon dioxide decreases the c g ture al which |he inaximum cooling rate occurs,
cooling rate is significantly reduced with a decrcascmth enching propcrties obtained with polymer
Also, the results of the tests show that the coo i g those obtained with water-gas mixtures. This paper also

aluminium (solution heal trentmg), “ * lhe eliminanon of ernoking during quenching. These hqutd-gas

i. introduction

The primary aim of the trials was to evaluate the q“enC^^d^ar" jy^suffic^nUy by the use of gas bubbling 

However, as it was unlikely that the maximum coo ing mixtures to modify their performance such that
alone, n secondary nim was to evaluate ,fy(.d „ snbstilole for high polymer concentration
lower concentrations of polymer aqueous solutions could be e p^y ^ opacities, higher than oils but lower

concentration otpolyvinyllo alcohol, la Ou, pas. [1], or of vnnons 

polymers in aqueous solutions, presently [2,3].

queiKhM^b^tab^isii^vap^^blanl^rsto^of^uenching (watetTilm boiling^agc in the case of water

-—■ ' " * T . .Io n Mali*stefansianescu@us.gases.boc.com FAX. 919489 3485
* Mircea Siefan Stanescu, BOC Gases FAX: 44 114 251 2323
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= WayneNiehoff.BOCGases Anwricas-U.S.,]^Mml:wa^.ni^ ^ ^ FAX; 9Q8771 H48
J KennethW.Grieshaber, BOCT148 FAX: 630 355 7754 
e Donald L. Moore. Instruments & Technology. Inc.. U.S.A. Tel. MU
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, n( _r A cHee) Drohablv by modifying the thickness, strength, viscosity and other properties ofthc

ingot in continnon, casUng, oliminating cracks caused by tbemal stresses l4- 5> liratJ!L™, for application of liquid-gas miklurcs in the quenching of steels and other metals and alloys,
treating.

SirsssrrsanasrKass^HS^
quenching trials.

Alter completing Urn tests, ii ™s found in literature 18] that,he 6“
does not give rise to variation of the average cooling rate between 850 C and 300 C. f ‘f ^ S ^ .
variationof the temperature at start of boiling stage (nucleate boding stage or
hydrogen-nitrogen mixtures lead to the identical results, water-argon and ^ the casc
ihi and increase tl«

hSct^rge^ dm, eurton diosrde was the appropdatc .tcetro,, for

experimenting and using liquid-gas mixtures as quenchants, in heat trcaUng.

No application of pH sensor or tiicune

diTOtdT^i^s^nccIni^o^'arcwm^tible^W^wters^i^ndiox^d^aiKf'pr^blyfpth^polymer aqueous 

2 EXPERIMENTAL TECHNIQUE

saitsSisists
Kingdom.

Thisr;ri“^;rThtwoSni«^^^^
te^^n^odofCoolfoECurveAn^lysis'f^A)wasoroeptedbyImeniational«gQwim63*1111511* 

Materials (IFHT), and recommended as a standard to International Standar s Ope

The res, used »n Inconel 600 dtermnl quench SES. Um
alumel thermocouple, inserted into the center of the Probc< “ interface “KMype T/C input to RS-232
probe suspended in vertical position, in air, a thermocouple/computer interface K type t/c p

port, and an IBM compatible computer [10,1IJ.
,rt Srn . s °c r .562 +9 T) and quenched into a 2000 milliliters (0.0706 cubic feet)

Tlie probe was heated to 850 +5 C (15^ ^ ^ q in a quenclung tank (a glass or
volume of quenching media sample, always at ( modified to allow the introduction of catbon
stainless steel beaker). The test apparams (tiqukl-gas niixtute)



For evaluating Uie influence ^Variable
quenching properties, the Drayton Afiitao kc{fp Uie undissolved solids in suspension. The

dust in quenching baths of most heat treating shops.
n,e gas selected fur ,hc experiments wasca.bor, flioxidclCOr. Unsure,

(28.32 liters per hour), of about 14 tank volume changes per hour.

Carbon dioxide was injected 0J25
uC6l-"rL"ro,cragc ^^nhcPp"^ wis 2

micron.
Tl;= liquids ras HOUCmON C Qricncti IGl'cKAQie 10)!^

H^h^neTpEOX or PEo' w.h a rutrate intub.tor M “J'otl

fast and slow quench oils were statically tested.

3. RESULTS AND DISCUSSION

3,1. Water and Water-Carbon Dioxide Mixtures

Experiments werecarricdoutproperties ruch^s'fl^Iiin^MKt 

the maximum cooling rate. Also, the cffc^ ^ m ^ f the rangc 0f 0 to 12 liters per minuter;r~:™sr .. .s......
watcr-caibon dioxide mixture (with 1 dh carbon dioxide) quenchants.

S^^wSSS^zed S a low oooiing rate, probably by modWng rim fluebnex,. strength, 

viscosity and other properties of the film.

The increase of carbon dioxide flow rate, djreased the .emperamrcMa.art

stage, significantly contributes to a lower cooling rate.



Arjuaiently cation dioxide flow late! hiEta than 4 cfld 13 liters pot hour), sli6hlly incret^s the itffidmmn 
Stg rate, probably, because of the quenchrutt agitation and turbulence, as shown in Figure 3.

^^ sut aste “.Lperanne a. start of boiling (nucteate boiling, stage, rnmomun, cooling rate 

and temperature at the maximum cooling rate.

3.2. Polymer Aqueous Solutions with and without Carhon Dioxide

An environmentally friendly way of achieving the quenching characteristics of oil is to

economic terms.
Experiments were carried out to determine the effect of carbon dioxide, bubbled into 10 % PEO .

SLTw^teTf? m, on Seeled quenchant properties.

The results of the tests arc shown in Tables 1 and 3, and Figure 5.

As with water dte additioa of carbon dioxide significantly reduces the maximum f

SSSSSSSSSawjss:
(Table 4, Figure 6).

Figure 5 show's that increasing carbon dioxide
boiling) stage or the time at start of nucleate b------
boiling (nucleate boiling), in the carbon dioxide flow 
water.

3.3. Fast Quench Oil with and without Carhon Dioxide

Experiments to determine the effect ca*°n dioxide on iheselMtedqrMndtingprop^^Mrria^sUramtchnil 

quenchant (Table 1).

SpSmL atstaft of boiling stage (nooleatc boiling stage), maximum cooling rate and temperature at the 
maximum cooling rate, as shown in Tables 1 and 4 and Figure 6.

3.4. Various Quenchants with and without Carbon Dioxide

Some results of the cooliug analysis experiments applied to commonly used quenchants are shown hr Table 5 

and Figure 7.
Selected quenching properties of water and, separately, polymer aqueous solutions, with and without carbon 

dioxide, were compared to those of fast and slow quench oils.

A flow rate of 1 cfh ( 28.32 l/h) of carbon dioxide appears to have a higher impact on the Ume at start of 
toiling (nucleate toiling), for die 10 % polymer aqueous ^lution-eaibon dioxide rmxture than 
carbon dioxide mixture, as shown by comparing the bars No. 2 and No. 3, in Figure 7.

carton dioxide flow rate range of 0 to 4 cfh (0 to 113 liters per hour), as shown in Figure 7.



i* rnti» np 115i °P/*i at t cflvor 28,32 1/h. COJ* obtsiivcd by 
The significantly lower cooling rate rate of ,he fast quench oil (92.3 ‘C/s at 01/m
bubbling carbon dioxide through water is cl ® re nol ^ appUcd t0 inany steels, because

^'s is ■” ,o'v ,44s "c,'com,i3rcd ,o Uut offas'ql 

oil (636.5 ‘C), as shown in Tables l and 5, and Figure 7.

Thus though Ihe «too low

The standard deviation of maximum polymer aqueous soluUon

the standard deviation “■'“'“J11™™ ™ i di t that the 10 % PEO polymer aqneons solution -carbon

3.5. Iniluence of Scale Dust In Quenching Water with and without Corbon Dioxide

suspension.
A common conccntralion of undisolvcd s°l'ds'n ;’ui;pens'00, in water with and witboil^icfM28,32^ytt) of

Xn“Sr:m~s»^"™r—^ 

heal treating shops.
Apparentiy, the data of Tabie 6 and ^sSrt^fboilhi^sta^CniKfeate^S^g

dioxide! for the scale dust concentration tested (209.2 rmlhgrams/hter).

4. POSSIBLE FUTURE APPLICATIONS

aluminium ( 
dioxide may

aing caihon dioxide "“^^h ^^^^^^^^^a^tenitic smUilms™Mls and

'^tt5=2±ssssssssr~Oioxine may uc Buua«Mncwc ——o— a- -

Carbon dioxide mixed with water or low raiK^nUatior^lyiuct ^ of ^ wire
lead, bismuth or salt molten bath ^ 0 appi^j in cooling of 6 mm diameter wire made of
was described in l»]. Air-water mixtures nt tn inor) AISI USA, grade steel). It was necessary to

and 650 0C, to obtain a very fine pearlitic structure, pj

Caihon dioxide iSSal Akron Steel

Edison Material Teclmology Center of Ohio, Kal S- . at Uk, appropriate stage of quenching, could
hieh iwe,cc ^ “,d

hardened layer, and improve mechanical piopemes of Ute quenched steel parts.

 ̂a“d

impnciily, the cooling rate, during quenching.



arc:
a. Eliminates the danger of fire and ^edan^roHoxic molten l^d Sh% p^ettii ofstcel^ire.
substitulion of quenching oils. Ehminat®!h^esoiuUons used for quenching. That will reduce
L^nS ^ ^ MlUUOnS

and reduces burning during subsequent °^g °t" "hernial stresses, avoid cracking and
c. Provides flexibility in selecting an optimum cooling rate, to reduce meraw
reduce or eliminate distortion.

5. CONCLUSIONS
The quenching properties such as the time “fe werl^ot signifirantly changed
cooling, maximum cooling ^tc ^d tem^ra ux & in the ^sc of water and water-

and turbulence, as shown in Figure 3.

Adding caibon dioxide to wa^ and 10 % ac^

=S=sSEaiKsSAtsssKa-“"
,.«««x,, ^«—-—*

oil (636.5 °C), as shown in Tables 1 and 5 and Figure 7.

As wau, Lc addilion ofc^n ^22%*,^

polymer solutton to Bio cxtcM ttat a a vyhidi tte maximum role occurs is also reduced (o

Figure 6).
P„r d,c fm, qirench od, ummmum c^nug ''

Figure 7). Thus even though Ure addition of a cadion rate, metemperature at
soludon significantly dccr«scd ^ ^ohing apportions, where the primarr d«eetlve b »
Which it occurs is too low (341.8 O, for rnany^w q Umc-temperature-transformaUcn diagram

—sc dhtmfion and O pr^bitity of cmchrng fTuMes 1

and 5, Figure 7).

The addilion of carbon dioxide to fast quench ofl at t^ such ^ lhe lime and

maximum cooling rate, as shown in Tables 1 and 4 and Figure .

Aflow rareof 1 efl, (28.32 hh) otd^ndm«de^

Figure 7.



tl« stamlaid dwialion of maMmumOTO ^ “JJ. ^ ^ ,0 ./„ PEO polymer aqueous soluuon -oiiboo 

The presence of sea,e dus. did no. cause a change mriucuclunp propcmesuumh *

Slif* •» «“ — “ “““nBa,i°",eSted (2°9'2

miUigraius/Uier), as shown in Table 6 and Figure 8.
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TABLE 2 COOLING ANALYSIS test results
AVERAGE VALUES

WATER AND WATER-C02 MIXTURES

jnMfc AT START Of ■OA-HG VS CX» FLOW R»TTI

*■ at gToirr or mml v& coa fLcw wattI

-t--------

1OOOLMQ RATE V8 OCORCWRAT[|

UITEMP AT MAX POOL RATE VS CQ2 FlCW RATtl

: AT START Of BOAUG V3 AOtTATIONj

» AT 8TAWT Of BOILING VS XdTATIQw]

IwuauuM COOLMG WATE vs aoitaton]

A^tclor Fto* Rite |*n|

COOUWG RATE VS AMT ATICWt

Figure 2 TT»e e««* ol agAation on the wteded 
quenching p<upcft« ct

Figure 3 The eiect of certwn dwwde added to watw on 
selected properties of water-cartoon dwwde matures

friue AT WART Of BOANOVS MillATKinl

ITEMF AT START OF 0OAINO VS^onAPWl

IMWBMUM COOUNO AATEV»~«GITATONt

—1-------

tT ItEMP AT MAACOOUNOWATEW NaTATlOW]

VirtTCA-roawinvt

Figure 4 The effect ot egeetior on the leiecleo 
properties ot watet-cathon dioxide nwdure
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COOUNO W**iVSJ3 TEST RESULTS
average values

VARIOUS QUETVCHAKTS
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COMPARATIVE COOLING RATE CHARAC1 ERISTICS

soo-

+ Water 0 L/m Flow 0 cfh CO^

□ Water 0 L/m Flow 1 cfh CO,
V 10% PEO Polymer 5 L/m Flow 0 cfh C02

O 10% PEO Polymer 5 L/m Flow 1 cfli C03
X 22% PEO Polymer 5 L/m Flow 0 cfli C02
o Fast Quench Oil 0 L/m Flow 0 cfe C02
* Slow Quench Oil 0 L/m Flow 0 cfli CO j

Figure 7 A

Qu«ndwty»g



COMPARATIVE COOLING CHARACTERISTICS

500 - -

200 -

Time Sees

+ Water 
□ Water
V 10% PEO Polymer 
O 10% PEO Polymer 
X 22% PEO Polymer 
O Fast Quench Oil 
-X- Slow Quench Oil

0 L/m Flow 
0 L/m Flow 
5 L/m Flow 
5 L/m Flow 
5 L/m Flow 
0 L/m Flow 
0 L/m Flow

OcfeCOj 
1 cfh Cd2 
0 cfh C02 
1 cfh C02 
0 cfh C02 
0 cfh C02 
0 eft C02

Figure 7B
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MIXED PHASE, “GREEN” QUENCHING MEDIA
P F Stratton

(BOC Gases, Sheffield, UK)

Abstract: Water on its own - the ultimate “green” quenchant - is too fast for most engineering steel quenching 
applications resulting in distortion mid clacking. Initial efforts to reduce its quenching intensity were focused on the 
addition of water soluble organic materials such as polyvinyl-alcohols, alkylene-glycol and glycerol. Such materials 
are non-flammable and give off no fumes in use. However, although tire polymers can he recycled, they require 
washing off after processing and an end-of-life disposal problem. An alternative approach which has proved 
successful for quenching aluminium alloys is to bubble a gas such ns carbon dioxide through the water. However, the 
technique is inappropriate for engineering steels quenched from 850° C as the maximum cooling rate and the rate at die 

critical Ms temperature (around 300°C) are too high.
The reported work was carried out to confirm and systematise the effect of gases in solution on the quenching 

characteristics of water over a range of temperatures, to investigate the use of relatively inert solids ns quench rate 
retardants and to determine if combinations of gases, solids and liquids could be used to modify die quenching rate 
effectively. The results indicate tiiat, although water’s maximum quenching rate can be slowed below diat of medium 

quench oil, the medium has limited applications.
KcyWords: Water-based quenchant Enviromnentally friendly Gas/liquid/solid mixhires

0 INTRODUCTION
An environmentally friendly alternative to oil 

for quenching engineering components after heat 
treatment has been sought since the late 1960s. 
Of the avenues pursued those based on the use of 
industrial gases and those based on water have 
shown the most promise. Research on the former 
is reported elsewhere?1,2] and tire latter is the 
subject of this paper.

Water alone is too fast a quenchant for most 
engineering steel quenching applications. Initial 
efforts to reduce its quenching intensity were 
focused on the addition of water soluble organic 
materials such as polyvinyl-alcohols, alkylene- 
glycol or glycerol131. This approach was very 
successful and there are several materials 
commercially available. Such materials are non
flammable and give off no fumes in use. 
However, although the polymers can be recycled, 
they require washing off after processing and 
represent an end-of-life disposal problem.

Am alternative approach is to bubble a gas 
such as carbon dioxide through the water. 
Yu et al[4] claimed success with this approach for 
the quenching of aluminium alloys which require 
an initially slow quenching rate followed by a 
faster rate in the latter stages. However, Stanescu 
et all5] showed that the technique was 
inappropriate for engineering steels quenched 
from 850°C as the maximum cooling rate and the 
rate at the critical Ms temperature (around 300°C) 
were too high. This latter work did show that 
bubbled gas could be substituted for some of the 
polymer addition in water/soluble polymer 
solutions.

The reported work was carried out to confirm 
and systematise the effect of gases in solution on the 
quenching characteristics of water over a range of 
temperatures, to investigate the use of relatively inert 
solids as quench rate retardants for water and to 
determine if combinations of gases, solids and liquids 
could be used to modify the quenching rate 
effectively.
1 EXPERIMENTAL - GAS/LIQUID 
MIXTURES

All tire experimental work was carried out using 
Wolfson standard quench probe equipment supplied 
by Drayton Probe Systems as ‘QuenchMaster”. The 
water for the “zero gas” experiments was prepared by 
boiling tap water to remove any dissolved gases then 
cooling it in a sealed container to the required 
temperature to ensure that no atmospheric gases 
dissolved before the test. In all other cases, except 
where noted below for highly carbonated water, the 
gas under investigation was bubbled through water 
using a fine diffuser in a covered container at the test 
temperature for at least 20 minutes prior to the test. 
The quench test was carried out within one minute of 
the cessation of bubbling. A standard 
“QuenchMaster” report was prepared for each run. 
A typical output is shown in Figure 1.

For some tests commercially available 
carbonated water was used. Such water is usually 
carbonated to around four volumes of carbon dioxide 
to one volume of water. As soon as the pressure is 
released gas starts to come out of solution so the 
exact carbonalion level at quench, which was carried 
out as rapidly as possible, was unknown, but may be 
assumed to be at least twice that which would have 
been obtained by bubbling at the same temperature at 
atmospheric pressure.
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Figure 1. “QuenchMaster” report for water saturated 
with carbon dioxide.

Water temperature °C

Figure 3. The effect of water temperature on the 
temperature at the end of the vapour blanket stage for water 
containing no dissolved gases and water saturated with carbon 
dioxide.

2 RESULTS WITH PURE WATER/GAS 
MIXTURES

Nitrogen and argon had very little effect on 
the quenching characteristics of water at either 
0°C or 40°C as can be seen from Figure 2, 
presumably because of their low solubility in 
water. Saturating the water with carbon dioxide 
had the effect of extending the vapour blanket 
stage of quenching (Figure 3) and decreasing the 
maximum cooling rate (Figure 4) for a given 
water temperature. However, saturating the water 
with carbon dioxide had almost no effect on the 
cooling rate at the critical Ms temperature at 
around 300°C (Figure 5).

Figure 2. The effect on maximum cooling rate during 
quenching of saturating water with various gases at 0 and 
40° C.

No gas

Water temperature °C

Figure 4. The effect of water temperature on the 
maximum cooling rate for water containing no dissolved gases 
and water saturated with carbon dioxide.
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Figure 5. The effect of water temperature on the cooling 
rate at 300°C for water containing no dissolved gases and water 
saturated with carbon dioxide.

It was noted that when quenching into water 
saturated with carbon dioxide the water temperature 
had minimal effect on any of the quenching 
parameters, a factor which may be significant in 
terms of energy requirements for quenching systems 
where dissolved carbon dioxide could be used instead



of an elevated water temperature, for example in 
the quenching of aluminium alloys131.

As well as pure carbon dioxide a range of gas 
mixtures of either argon or nitrogen with cither 
carbon dioxide or sulphur dioxide was tested. 
Assuming that, under the test conditions, each gas 
or mixture of gases reached its maximum 
solubility at the test temperature it is possible to 
plot graphs of the various quenching parameters 
in relation to the amount of gas in solution in the 
water. A typical example for carbon dioxide is 
shown in Figure 5. It can clearly be seen that, in 
this case, maximum cooling rate tor water 
quenching in the solution at 40°C is closely related 
to the volume of carbon dioxide m the water. 
With a mixture of nitrogen and sulphur dioxide, 
which would result in the same amount of sulphur 
dioxide in solution in the water as would be 
obtained from fully saturating it with carbon 
dioxide, the effect on maximum cooling rate was 
negligible. Other quenching parameters showed 
similar results.

Figure 5. The effect of dissolved carbon dioxide on 

maximum cooling rate.

These results confirm earlier work141 but with 
a more systematic approach indicating the effects 
of the different quenching parameters. It also 
confirms that the use of carbon dioxide alone is 
insufficient to slow down the cooling rate of 
water in the critical martensite formation region 
which would lead to cracking in many engineering 
steels. Figure 6 compares the cooling rate 
produced with water saturated with carbon 
dioxide at 40°C with that of a typical medium 
quenching oil at the same temperature. In order 
to slow down the cooling rate at temperatures 
below 500°C it was considered that an additional 
element was required which must meet the 
criterion of being environmentally benign. An 
inorganic solid either in suspension or in solution 
appeared to be the best option.

Figure 6. Cooling rate v temperature for water/C02 and 

medium quench oil at 40°C.

3 EXPERIMENTAL - LIQUID/SOLID/
GAS MIXTURES

The same basic experimental procedure was 
used for the liquid/solid as for the gas/liquid 
experimental work. The mixtures were prepared as 

follows:-
3.1 Water/sodium bicarbonate water/sodium 
chloride and water/sodium hydroxide

The solid, which was fully soluble in the water, 
was dissolved in it to give a 10% w/w solution.
3.2 Water/alumina

This material was based on water/gamma 
alumina (particle size 0.05 microns) supplied by 
Buehler, I^e Bluff, 1L, USA or Leco Instruments, 
Stockport, Cheshire, UK. The supplied material was 
diluted with water as necessary to give different 
solids concentrations. It should be noted that 
although the manufactures claimed that the supplied 
material could be diluted at least three limes with 
water with the alumina remaining in suspension, this 
was not the case in practice and some slight gas 
stirring was required to maintain a consistent mixture.

For all quenchants the zero gas experiments 
were performed after stripping the solution of 
dissolved gases with argon which the previous 
experiments had shown to have almost no effect on 
quenching characteristics. The carbon dioxide 
experiments were performed after bubbling gas 
through them in the same way as for the liquid/gas 
experiments.
4 RESULTS WITH WATER/SOLID/GAS

MIXTURES ,
As may have been expected, the dissolved

inorganic sohds investigated had a negative effect on 
slowing the quenching characteristics of the water 
with or without carbon dioxide additions with the 
exception of sodium bicarbonate, which acted as 
carbonated water even when not carbonated.



The effects of the suspended solids were 
very similar to those of carbon dioxide in solution. 
The vapour blanket stage of quenching was 
extended and the maximum cooling rate reduced. 
As with carbon dioxide additions, the maximum 
cooling rate was almost independent of quenchant
temperature (Figure 7).

When the third phase, dissolved carbon 
dioxide, was introduced it was found that the 
effect of the solid and the gas were additive, each 
resulting in a reduction of approximately 50% in 
the maximum cooling rate at 40°C quenchant 
temperature, as can be seen in Figure 7.
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Figure 7. The effect of an alumina addition of 44 g/1 
saturated with carbon dioxide on the maximum quenching 
rate at various temperatures.
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Figure 8. The effect of alumina concentration on the 
maximum cooling rate of watei/alumina/caibon dioxide mixtures 

at 40°C.

Even though the maximum cooling rate of a 
water/alumina/carbon dioxide mixture can be well 
below that of a medium quench oil. Figure 9 shows 
that the maximum cooling rate occurs at a much 
lower temperature than for the oil. The cooling rate 
at high temperatures is low whereas for most 
apphcations it needs to be high to avoid the pcarlite 
nose on the continuous cooling diagram and at low 
temperatures it is high whereas it needs to be low to 
avoid cracking during martensite formation. This 
effect can clearly be seen in Figure 10 where some of 
the cooling curves have been superimposed on a 
continuous cooling diagram typical of that for the 
case of a low alloy carburised case.

Various concentrations of alumina were 
investigated. It was found that, within the range 
investigated, increasing the concentration ol 
alumina decreased the cooling rate at the critical 
300°C for a quenchant temperature of 40°C. 
(Figure 8). It should be noted that some of the 
alumina was dragged out with the test piece after 
quenching. The amount of dragged out material 
visibly increased with increasing alumina 
concentration but was easily removed by water 
washing. However, as noted above, higher 
alumina concentrations did not need stirring to 
maintain a consistent suspension and therefore 
might be preferable in practice.

700 -

Cooling rate ^'s

Figure 9. Cooling rate v temperature for 
water/a1umina/C02 and medium quench oil at 40°C.
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Figure 10. The c exiling curve for
water/alumina/C02 at 40°C superimposed on the 
continuous cooling diagram for a typical carburised case.

For the very highest solid contents, where 
the water/alumina mixture has the consistency of 
liquid mud, the maximum cooling rate is reduced 
to less than 20°C/s and the peak in cooling rate 
around 300°C is completely suppressed. This 
mixture may well have applications in the 
environmentally friendly quenching of highly 
alloyed steels to replace very slow quench oils or 
salt bath quenching.

It must be noted, however, that at these 
high solids concentrations the drag-out was 
significant, but the residue was still easily 
removed by water washing.
5 CONCLUSIONS

Of the commonly available, low cost gases 
only carbon dioxide in solution has any significant 
effect on the quenching performance of water. 
Carbon dioxide in solution extends the vapour 
blanket stage of quenching and reduces the 
maximum cooling rate. However, the quenching 
characteristics of water/carbon dioxide mixtures 
make them unsuitable for quenching most steels.

Additions of finely divided solids such as 
alumina have the same effect as carbon dioxide in 
solution and extend the vapour blanket stage of 
quenching. This effect is additive to that of 
carbon dioxide. At high solids concentrations the 
vapour blanket stage is extended to 100°C and 
there is no low temperature peak in cooling rate 
making the mixture suitable for the 
environmentally friendly quenching of highly 
alloyed steels.

The author would like to thank C Zlotnick of PH 
Heat Treatments, Johannesburg, South Africa for 
loan of the quench testing facility used for 
experiments and S Blake of Afrox for his help 
carrying them out.
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Gas Quenching Systems 

P.F. STRATTON

ABSTRACT

Environmental concerns are making liquids less acceptable as quenchants after heat 
treatment of metals and gases are rapidly replacing them. Gases also offer several 
operational advantages and their only drawback is that quenching speeds can be 
slower than those achieved using liquids.

This paper discusses the parameters that affect the quenching rate of gases and how 
they can be used to control the process. Particular attention is given to the choice of 
gas. Light gases such as helium give faster cooling rates, but are generally more 
expensive than heavier gases such as nitrogen. The cost problem can be overcome by 
the use of gas mixture or by recycling the more expensive gases, and a recycling
system is described.

The use of gases in quenching bulk loads, single layers and individual components'is 
also discussed. The directionality of gas flows offers faster and more even quenching 
when a single layer of components or even a single component is quenched at one 
time. This technique makes it possible to obtain oil-like quenching speeds using 
nitrogen alone without the need for a pressure vessel.

INTRODUCTION

Gas quenching has practical and environmental advantages over liquid quenching 
whether the first phase of the heat treatment cycle is carried out in vacuum or in a 
conventional atmosphere furnace [1]. Unlike liquids such as oil or polymer solutions in 
water, gases leave no residues to be cleaned off, so there is no waste cleaning fluid to 
be disposed of. Gases have no boiling phase so they can be made to quench more 
evenly and with less distortion. Gases are flexible and the quenching rate can easily be 
controlled either throughout the quench or in different areas of the part to be quenched.

In conventional furnaces, gas quenching systems are potentially more flexible and 
controllable than liquid systems; vacuum lumace treatment produces clean work in an 
environmentally friendly way. The cooling rates that can be achieved depend on many 
features of the system design, such as method of gas delivery, gas velocity and 
pressure, and also on the physical characteristics of the gas or gas mixture itself.

QUENCHING SPEED

Increasing the speed of gas quenching has been the objective of equipment 
manufactures since the mid 1960s. The higher the quench rate, the larger the range of 
materials and products that can be hardened. The achievable quench rate depends on 
several interrelated parameters:

The difference in temperdture between the load and the recirculating gas stream [2]. 
One way to promote faster cooling is to cool the recirculating gas to the lowest possible 
temperature before it returns to the furnace.

1



The surface area and weight of the load.
Cooling can be accelerated by decreasing the total weight of the load or increasing its 
surface area. Economic constraints may, however, prevent the operator from altering 
these parameters greatly [2],

The overall heat transfer coefficient of the gas.
Most studies reported in the literature correlate process variables such as gas velocity 
and pressure to the gas phase heat transfer coefficient “h”. Maximising “h” will 
maximise heat transfer to some extent.

The velocity of the gas.
For bulk load quenching systems the gas velocity is, in general terms, a function of the 
power driving it past the component(s). It has been shown that, over a large range, the 
overall heat transfer coefficient is proportional to the fan horsepower to the power of 
0.23, for a given gas at a constant quench pressure in a given furnace [3]. Thus, if a 
100hp fan gives a relative cooling coefficient of one, then 300hp gives a coefficient of 
1.3. Therefore gains through this parameter are very rapidly limited by the size and cost 
of the equipment.

For single components quenched in a jet array, the cooling rate also increases with gas 
velocity. However, Figure 1 shows that increasing velocities above about 100m/s 
results in rapidly decreasing returns [4],

o 50 1 00 1 50 200 250 300
Gas velocity (m/s)

Figure 1. The effect of velocity on mean heat transfer coefficient

The pressure of the gas.
Gas pressure is the associate of gas velocity. The combination gives mass flow rate 
and increasing mass flow rate results in increasing heat-transfer rate. The heat-transfer 
coefficient is proportional to the gas pressure to the power of 0.466 as shown in Figure 
2 [2],

There are limits to the current practical operating gas pressure. These are set by the 
design and cost of a suitable pressure vessel and by the ability of a gas supply system
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to deliver the required amount of gas in the very short time available. Erosion of furnace 
furniture has also been reported to be a problem at high quenching pressures [3],

Relative
Cooling

Rate

Pressure (bar abs)

Figure 2. The increase of relative cooling rate with increasing gas quenching pressure. 

The heat capacity and thermal conductivity of the gas.
Lower-molecular-weight gases have higher heat capacities and thermal conductivities 
than those of higher molecular weight. They are therefore able to absorbing more heat 
from the component at a faster rate, hence increasing the heat-transfer rate.

The density and dynamic viscosity of the gas.
Lower-molecular-weight gases have lower densities. The lower density combines with 
the dynamic viscosity to result in lower kinetic energy (lower fan horsepower) for a given 
velocity and hence lower heat-transfer rate. For example, it might be expected that, for 
a given set of furnace conditions, helium would cool twice as fast as nitrogen. However, 
because the helium will draw only 14% of full current on the circulation fan, cooling rate 
will be increased by only 25%.

The combination of a gas’s physical characteristics gives the coefficient of heat transfer 
at a given temperature. The relative cooling rates for several commonly-used gases are 
shown in Figure 3.
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Figure 3. Relative cooling efficiency of different gases

The angle of incidence of the gas flow to the component and its turbulence.
A turbulent gas flow perpendicular to the surface of the component extracts heat more 
rapidly than a lamellar flow parallel to that surface. This makes furnace design very 
difficult, especially if the geometry of the load is unknown. The perfect design would 
produce a fully turbulent flow at every point on every component- clearly impossible with 
multi-component loads. Significant local variations in this parameter will cause 
quenching at an uneven rate and lead to distortion [5],

At velocities of 60m/s over a single cylindrical bar 10mm diameter, the heat-transfer 
coefficient h is 112 W/m2/°C in parallel flow and 350 W/m2/°C in perpendicular flow, in 
general agreement with published data for vacuum furnace quenching [6]. Thus 
perpendicular flow is better at extracting heat. This is primarily because in parallel flow, 
a near-laminar boundary layer of nitrogen (relatively stationary) is formed at the metal 
surface and its thickness controls the extent of heat transfer. This boundary layer gets 
thinner with increasing velocity. However, with perpendicular flow, the impingement of 
the gas on the metal reduces the boundary layer thickness, increasing heat transfer. 
Figure 4 clearly shows that the calculated difference in heat transfer coefficients rises 
rapidly within the normal range of gas quenching velocities before becoming an almost 
constant 300 W/m2/°C as speeds approach sonic. Any such differences in heat transfer 
rate from place to place on the component are likely to lead to distortion.

Parallel flow 
Perpendicular flow

Gas velocity (m/s)

Figure 4. Heat transfer coefficient in parallel and perpendicular flow for a 10mm 
diameter bar with increasing nitrogen velocity.

The above argument shows that, if distortion is to be minimised, it is virtually necessary 
to quench each component singly in a furnace specifically designed for it. Indeed, the 
design of small-volume multi-chamber vacuum furnaces has already gone some way 
down this route [7]. The use of jet arrays and single layers of components can greatly 
improve cooling rates, as shown in Figure 5 [8].
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Figure 5. A comparison of bulk load and single layer gas quenching

This can be taken a step further using jet arrays to cool single components. An 
optimised array of nitrogen jets at 100 m/s can quench components at oil-like 
velocities. Using mixtures of gases, higher rates can be achieved as shown in Figure 6

[9]

* - - Nitrogen
----- Nitrogen/25% helium
- - Oil

Time (s)

Figure 6 The quenching rate of nitrogen and a nitrogen/helium mixture compared to 
medium quench oil

Table 1. Comparison of typical heat-transfer rates
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Quench medium Heat-transfer rate 
(W.m"2K"1)

Still air 50-80

Nitrogen (1bar) 100-150

Salt bath or fluidised 
bed

350 - 500

Nitrogen (10bar) 400 -500

Helium (10bar) 550 - 600

Helium (20bar) 900- 1000

Still oil 1000-1500

Hydrogen (20bar) 1250-1350

Circulated oil 1800-2200

Hydrogen (40bar) 2100-2300

Circulated water 3000 - 3500
It is clear that the cooling rate for any given configuration cannot be found by calculation 
and practical experiments are required to generate the base data. Once these data are 
established, the effect of changing one of the parameters can be predicted with some 
degree of accuracy. Some typical heat-transfer rates, together with those for 
conventional quenching systems, are listed in Table 1.

GAS MIXTURES

Gases of low molecular weight have low densities, but high heat capacities and thermal 
conductivities, compared with high-molecular-weight gases. Thus light gases have 
good thermal properties but lack mass flow, and vice versa for heavy gases. It may be 
inferred that a mixture of the two would exhibit the benefits of both and calculation 
shows this to be correct. Figure 7 illustrates that, for nitrogen/helium mixtures at room 
temperature, the coefficient of heat transfer is at a maximum for a mixture containing 
20% or so of nitrogen.
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Figure 7. The effect of nitrogen additions on the heat-transfer coefficient of helium

Experiments have shown that, at typical vacuum furnace temperatures, a mixture 
containing 30-40% nitrogen performs better than the theoretical mixture [6]. This may 
be due to the nitrogen component being able to absorb more blower power.

Because the low-molecular-weight gases tend to be more expensive than their high- 
molecular-weight counterparts, such mixtures not only maximise heat-transfer rate, but 
lower the cost.

There are, however, also some disadvantages of using mixtures:
• A gas mixture that remains static in its holding tank for a long period prior to the 

quench may become striated, resulting in only one component of the mixture being 
supplied when the quench is required. If gas recirculation is employed to minimise 
costs, the ratio of the mixture must be constantly monitored and adjusted. This 
factor alone considerably increases the complexity of a recycle system for mixed 
gases.

• The optimum mixture varies with temperature. Any given mixture is therefore sub- 
optimal at some part of the cooling cycle, although calculation suggests that the 
effect is small.

• Mixtures containing more than 5% hydrogen in an inert gas are potentially 
flammable in exactly the same way as pure hydrogen. As the optimum-quench-rate 
mixtures fall in this range, they must be treated in the same way as pure hydrogen 
for safety.

GASES OF CHOICE

The combination of furnace operating characteristics required for any heat treatment is 
likely to be unique but can be categorised by the quench rate required. For those 
materials requiring low cooling rates, from high-speed steels to die steels, quenching in 
nitrogen or argon at pressures below 10bar is satisfactory and by far the cheapest 
option. For more demanding materials, although higher-pressure nitrogen quenching is 
an option, it is probably more cost-effective to use a helium quench with gas recycling,
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the cost of the recycle equipment being less than the additional cost of a furnace with a 
higher-pressure capability.

For materials that are normally oil-quenched, hydrogen is the only practical option. 
Although 20bar helium systems can, with good furnace design, achieve rates 
comparable to warm oil, erosion of furnace furniture is known to be a problem. 
Hydrogen, with the appropriate safety equipment to ensure that it does not mix with air, 
is no more dangerous than any other high-pressure gas and can be very economical if 
a suitable recycle system is used.

RECYCLE SYSTEMS

When components are quenched from a conventional vacuum the quench gas is 
unlikely to be significantly contaminated, greatly simplifying recycling. However, if the 
quenching is carried out from a vacuum carburising cycle, for example, some 
contamination of the quench gas is inevitable even if an additional cold wall chamber is 
provided for the quenching. In systems where the quenching follows a conventional 
atmosphere heat treatment, the problem is worse as some cross-contamination will 
always occur as the product is transferred to the quenching vessel.

Such drag-through can be minimised by purging the quenching vessel with quench gas 
during transfer, but this may be ruled out on cost grounds. Quench gas recycle systems 
are not technologically difficult and may be desirable to save raw materials or enhance 
safety. However, they can often be uneconomical, even for helium, if insufficient thought 
is put in at the specification phase. A schematic showing the elements of a typical 
quench gas recycle system is shown in Figure 8.

Makeup
Recycled Quench Gas

Compressor
or

Blower
Furnace

Quench
Gas

Receiver

Figure 8. Schematic of a typical gas recycle system with clean-up.
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CONCLUSIONS

There are many factors to be taken into consideration in the design of a gas quenching
system. The most significant are:

• The design of the gas circulation system to minimise distortion by ensuring 
turbulent flow perpendicular to all surfaces of the component.

• The type of quenching gas and its pressure to ensure that the correct cooling rate is 
achieved.

• The specification of any gas recycle system to minimise cost.
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HELIUM FOR GAS QUENCHING IN VACUUM FURNACES 

Paul Stratton - BOC, Huddersfield, United Kingdom

ABSTRACT

Gas quenching in vacuum furnaces is an increasingly attractive option because it has a low 
environmental impact and the least distortion of parts being treated. Whilst nitrogen is by far die 
most common quenching gas, helium is a viable option where higher cooling rates are required, 
particularly for carburised components. This paper explores the improvements in gas quenching 
technology drat allow components manufactured from standard carburising steels to be quenched 
widr high-pressure helium and illustrates tire improvements it offers over high pressure nitrogen 
quenching.

As helium is an expensive rare gas, recycle systems make its use more economically attractive. The 
factors drat need to be taken into account when designing such systems, including the necessity for 
purification, are discussed. BOC’s sources of helium and the means of delivery, particularly in 
Europe, are also covered.

KEYWORDS

Helium, Quenching, Vacuum furnace, Cooling rate. Recycle, Costs

INTRODUCTION

Much of the development in the field of gas quenching is stimulated by the automotive industry, 
which needs clean environmentally friendly processing [1]. Vacuum technology has been 
increasingly used to process components over die last 25 years. Its application to lower 
hardenability components such as carburised gears, has, however, been hindered by the lack of an 
economically attractive and environmentally friendly quenchant. Helium has been recognised for 
permitting high quenching rates of bulk components treated in vacuum furnaces [2], but until now 
the rates achievable have been too slow and the gas too expensive.

Recent developments in furnace design, with innovations such as the Ipsen RVHT-QGP gas quench 
module have increased cooling rates sufficiently for effective quenching of components tirat were 
previously oil quenched [3]. When they are combined with the new gas recycling systems, the use 
of high-pressure helium becomes economically athactive [4, 5] and, with low-pressure acetylene 
carburising, pow allows quick, clean carburising in vacuum furnaces [6],

STEELS’ AND COOLING RATES

Table 1 gives critical cooling rates in the range 800 to 500°C to achieve a given coie haidness 
ossification for a selection of case hardening steels [7],



Table 1. The cooling rate required to achieve a given core hardness in a range of steels

Steel Required Cooling Rate °C/s
DIN SAE 300 Hv 350 Hv
Ck 15 1015 150 200
20MoCr4 4118 RH 23 43
16MnCr5 5115 15 30
25MoCr4 - 8 16
15CrNi6 - 4 11
14NiCrl4 9315 3 10
18CrNi8 - 0.3 1.5

Obviously, if a given steel cannot achieve the specified core hardness in a given quenching system, 
the options are either to change the steel to one with a greater hardenability and hence lower critical 
cooling rate or to use another quenching system with a higher cooling rate.

HELIUM QUENCHING

Over the last 15 years or so, improvements in furnace design have increased the heat transfer rate 
obtainable with 20 bar helium. Some values for parallel and transverse flow given in the literature 
are shown in Figure 1 [3, 4and 8]. Furnace manufacturers have used computational fluid dynamics 
to optimise their designs and achieve quenching rates comparable to oil, as shown in Figure 2 [3].

3000

500 —*

Fig. 1. The improvement of heat transfer rate with time for 20 bar helium



Fig. 2. The heal transfer rates obtained in an Ipsen RVHT-QGP gas quench module in parallel and 
transverse flow compared with conventional liquid quenchants.

Table 2 shows how the choice of gas for quenching affects the type andsiyeot steel bare that ca 
quenched in a cold wall quenching chamber to achieve a minimum of 300 Hy core hardness [7], t 
is clear that 16MnCr5 at 20 mm diameter requires 10 bar nitrogen, but that with 20 bar helium a 
mm diameter bar can be quenched to the same core hardness.

Fig. 3. AvaC carburised 16MnCrS5 components after quenching in 10 bar helium (photo courtesy 
of Ipsen International)



Table 2. The diameter of cylinders that can be quenched in various gaseous media to achieve a 300 

Hv core hardness

Steel Cooling
rate
(°C/s)

Bar
Diameter
(mm)

Heat
Transfer
Coefficient
(W/m^K)

Ouenchant
Gas Pressure

(bar)ISO SAE

16MnCr5 5115 15 20 800 n2 10
30 1150 n2 20
40 1500 He 20

20MoCr4 4118 RH 23 20 1250 n2 20
30 1800 He 30

HELIUM RECYCLE

When components from a conventional vacuum furnace cycle are quenched, the helium is unlikely 
to be significantly contaminated, which simplifies recycling. In this case it may well be possible o 
use a simple point of use system where only particulates are removed. The one shown in Figure
recycles over 99% of the helium.

*
l

HP

Fig. 4. Point of use helium recycle unit without contaminant removal.

However, if items from a vacuum carburising cycle, for example, are being quenched, some 
contamination of the helium is inevitable even if the quenching is earned out in a separate cold wall 
chamber. Quench gas recycle systems are not technologically complex, but can be technically 
challenging, and may be desirable on the grounds of raw matenal cost or safety. They can often be 
uneconomical, even for helium, without careful consideration at the specification phase so a 
knowledgeable system provider is essential. Some of the questions to be addressed are:



1. Is chemical clean-up required at all? Bearing in mind that no recycle system recovers 100% of 
the quench medium, at the loss rate envisaged, could the likely levels of tramp gases be 
acceptable? If the answer is no, then the economics of a higher loss rate should be considered 
before taking the decision to clean the stream. This reaps benefits in terms of reduced chemical 
plant and also in the reduced size of the recycle system.

Would it be possible to allow tramp gases to build up to some critical level and only then run a 
clean-up cycle or sell the impure helium back to the supplier*? The latter could be a viable 
option, for example, for some large helium users.

2. If clean-up is essential, is it necessary to reduce all the tramp gases to their original levels? For 
example in a helium quench recycle system it is rarely necessary to remove tramp nitrogen or 
argon. This is important because the components that are relatively easy to remove from the 
recycled gas are: carbon monoxide, carbon dioxide, water vapour, oxygen and heavy 
hydrocarbons (C4 and above). The components that are more difficult to remove are: nitrogen, 
argon and hydrogen and Cl to C3 saturated hydrocarbons. If only the first group of components 
needs to be removed, the cost of a clean-up system would be relatively low. The cost would go 
up substantially if both groups of components have to be removed. In either case gas recoveries 
of 90 to 95% can be obtained provided small amounts of nitrogen, argon and hydrogen could be 
tolerated in the purified gas. A schematic of such a system is shown in Figure 5.

3. Is it necessary to clean up the helium in real time? Any recycle gas clean-up system should be 
designed for the average flow used during the entire furnace cycle, with a buffer tank to store 
the gas recovered after the quench. Real time processing of recycled gas with no storage would 
substantially increase the system cost, which often depends on the flow rate of contaminated 
gas, not on the absolute volume to be processed.

Central Recovery System
• Pw Jtcavon oy r^A membrane, ot cryogenic(rj separate*
• Piodi.ct recycled to process up to 55 995
• Percentage ot product tecoretab'e up to 99°c

M-H

Vhgin Product Stonge

Fig. 5. Central helium recycle system with contaminant removal



4. When recovering the helium from the furnace, is pressure "balancing into a receiver the optimum 
route? Would it be more economical to pump the helium up to a higher pressure straight from 
the furnace? This would reduce receiver sizes and the amount of second stage pumping 
required; possibly increasing the recovery ratio as well. It may also be economically attractive 
to recover lire gas remaining in the frunace through tire vacuum pumping system. If a clean-up 
system is employed it is preferable to clean up the gas at low pressure then compress it to higher 
pressure for return to the process. More quench gas is lost in the clean-up system as the 
pressure within increases. Of course this has to be weighed against the larger storage or buffer 
vessels needed.

Table 3 shows that recycling helium from a typical single furnace, vacuum carbrnising installation 
can reduce helium costs by a half or more. The amount saved by the use of a properly optimised 
helium-based quenching system depends on the quality of Hie recyled gas required. After factoring 
in the four to five times increase hr the capital cost of the higher pressure rated quenching chamber, 
the recycled helium cost compares favorably with the cost of a 60 bar nitrogen quench, especially if 
one considers the performance benefits of helium quenching.

Table 3. Cost per quench cycle for a single frunace installation

Ouenchant Cost €/cycle
20 bar helium - no recycle 237
20 bar recycled helium with clean-up (maximum impurity 50 
ppm)1

196

20 bar recycled helium with clean-up (maximum impurity 
1000 ppm)2

168

20 bar recycled helium with clean-up (maximum ah impurity 
1%)3

114

20 bar recycled helium without clean-up 108
20 bar nitrogen 14
60 bar nitrogen (gas cost only, no consideration for higher cost 
furnace)

30

Notes:

1. Max. 5 ppm oxygen, 15 ppm moisture. Neon is excluded from impurity the specification.
2. Argon, carbon monoxide and neon are excluded from the impurity specification.
3. Argon, carbon monoxide, carbon dioxide, hydrocarbons, hydrogen, and neon are excluded from 

the impurity specification.

HELIUM SOURCES

Helium is the second most abundant element in the universe after hydrogen, but only makes up 
about 0.0005% of the Earth’s atmosphere. However some natural gas reserves can contain as much 
as 8% helium, a product of radioactive decay. Because the number of sources is limited, unlike 
nitrogen that occurs everywhere, and its perishable nature dining distribution, a robust supply chain 
is essential in maintaining reliability of supply.

Crude gaseous helium is separated from natural gas by liquefying die natural gas. The helium is 
purified and is usually liquefied for economic distribution or applications which require very low



temperatures. BOC is the world’s leading supplier of helium, with access to over 30% of die 
world’s available helium. It serves the needs of customers in a wide range of industries including 
automotive, leak detection, laser welding, chemical processing, petroleum refining, fiber optics, 
electronics, space exploration, MRI medical imaging and other medical applications.

The areas of the world where helium is produced include the US, Algeria, Poland and Russia, with a 
new source, Qatar, due to come on stream in 2005. In the US, BOC operate the world’s second 
largest ISO 9002 certified helium production facility in Otis, Kansas. Here they perform the final 
purification and liquefaction of helium. BOC has contractually guaranteed access to five of the 
remaining eleven current helium sources, and has also recently been awarded a helium contract to 
purchase 50% of the production from the new Qatar source. BOC has the world’s most extensive 
helium distribution network, operating 47 liquid helium transfills around the globe, supported by a 
fleet of over 180 cryogenic containers. In Europe, BOC operates or has access to supply from five 
transfills, in the UK, Ireland, Poland, Italy and Turkey (Figure 6).

Product from all the current European sources is shipped to these transfill facilities, an operation 
that is managed centrally to maximize the use of the container fleet and ensure helium is available 
to meet customer demand at all times. The global helium market remains in a position of high 
demand with capacity utilization between 90-95%, through to 2005. By 2006 capacity utilization is 
expected to reduce to 80-85%, because of two new sources of supply, namely the Qatar source 
mentioned above, and a second source in Algeria.

Fig. 6. A helium transfill facility
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Hydrogen Economy: A Study of Gas Quenching Costs

Paul Stratton - BOC, UK

Gas quenching in vacuum furnaces is becoming increasingly attractive because it 
has a low environmental impact and the least distortion of parts being treated. Whilst 
nitrogen is by far the most common quenching gas, other gases such as helium and 
hydrogen are an option where higher cooling rates are required, particularly for 
carburised components. Argon is also used, especially for materials that are 
sensitive to nitriding during quenching, such as high alloy tool steels. A furnace used 
by Solar Atmospheres to develop vacuum carburising technology is shown in 
Figure 1. Where physics or chemistry does not limit the choice of quenchant, which 
one should the furnace operator choose? There is no simple answer to this question 
as there are many variables.

Figure 1. A vacuum carburising furnace (photograph courtesy of Solar Atmospheres)

The physical properties of each of the gases (Table 1) give it a theoretical cooling 
rate [1], but this is not as simple as it might appear. For gases the cooling rate 
depends to a great extent on the direction the gas is traveling relative to the surface 
being cooled. For all the gases, heat is extracted more quickly by gas traveling 
perpendicular to the surface than parallel to it but the ratio varies from gas to gas. 
Secondly, the cooling rate is very dependent on the gas velocity, which turn depends 
on the power of the fan driving it. The density of the gas affects how much power is 
required to achieve a given velocity, so the cooling rates can be quoted at the same 
velocity or at the same fan power, but not both at the same time. The literature 
therefore contains many different but equally correct “theoretical” relative cooling 
rates all quoted on different bases.



Table 1. Physical properties of gases (at 15°C, 1 bar) and theoretically calculated 
heat transfer coefficients

Properties: Argon Nitrogen Helium Hydrogen

Density (kg/nrf4) 1.669 1.170 0.167 0.084
Specific heat capacity (J/kg*K) 523 1040 5190 14300
Thermal conductivitv (W/m*K) 0.0173 0.0255 0.1536 0.1750
Dvnamic viscosity (Ns/nr4) 23*10'b 18*10b 20*10'b 9*1 O'*
Heat transfer coefficient at 10 bar,
15 m/s, cross flow of cylinders with 
diameter 28 mm (W/m2*K)

360 500 775 950

Relative heat transfer coefficient 0.72 1 1.55 1.90

Thus if we are to compare the gases properly we need a practical study in which all 
four gases are tested under the same conditions in the same furnace. Unfortunately, 
as far as can be ascertained, no such study has been done. However, some recent 
work by Solar Atmospheres [2] can be used as the basis for an approximation as it 
compares three of the four gases with only argon missing. Data for one important 
quench parameter [3]; time to fill to quenching pressure, are missing from this study, 
but otherwise it provides a good approximation to the overall quenching rate for each 
gas. For this study the average difference over the whole cooling curve will be used 
as the comparator.

These experiments at 10 bar quenching pressure show that the helium and hydrogen 
have smaller or larger increases in cooling rate compared to nitrogen at different 
temperatures. They also show that the improvement varies with the size of the bar 
being quenched. So that the data align with the theoretical calculations above, the 
data for one inch diameter bars will be used. Thus Solar Atmospheres data suggests 
that the relative cooling rates for helium and hydrogen are 1.49 and 1.67 respectively. 
There are no directly comparable data available for argon, but the range of relative 
cooling rates quoted is fairly small with a median at 0.75. These rates compare well 
with the "theoretical” data above.

Using the relationship between cooling rate and gas pressure [4]: 

cooling rate = k*pressure0'466

it is possible to convert the relative cooling rate to the quenching gas pressure 
needed to quench with the same severity as 10 bar nitrogen. Using typical market 
prices for the four gases, the relative cost of achieving the same cooling rate with 
each gas can be calculated (Table 2). As helium can be economically recycled [5], 
two costs are quoted for helium in Table 2, one for once-through gas use and one 
with gas recycle that includes the costs of the additional capital equipment and power 
needed.



Table 2. The relative cost of the same quenching rate using different gases

Argon Nitrogen Helium Recycled
Helium

Hydrogen

Relative
Cost

13.0 _' 1 21 9.6 n 0.97

As all the quenching pressures, apart from argon, are lower than for nitrogen, the 
cost of equipment can be ignored. The relative cost of getting the same quenc 
severity as hydrogen at 10 bar can also be calculated. The result is very similar in 
that the relative cost of using nitrogen is 1.03 times that of using hydrogen. However, 
the quenching pressure for nitrogen is over 30 bar so that the higher cost of the 
pressure vessel becomes a significant factor.

These calculations show that for low intensity quenching, hydrogen and nitrogen are 
equally cost-effective. As the quenching severity required rises, then hydrogen 
becomes increasingly attractive because of the rapidly rising cost of the quenching 
vessel. Helium should be considered as an alternative only if the risks associated 
with using hydrogen cannot be designed out, as it costs ten times more than 
hydrogen. However, if the quench rate is a factor, current argon users should 
consider helium with recycle.
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saturated with carbon dioxide.
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QUENCHING METHOD

BACKGROUND OF THE INVENTION

This invention relates to a method of quenching a hot 
metal object, particularly one made of steel.

The thermal quenching of hot metal objects is a required 
step in many heat treatment processes such as, for example, 
annealing, hardening, case hardening, carburising, or nitro- 
carburisation of steel objects. Typically the metal object is 
cooled by thermal quenching from a temperature of 850° C. 
or above to a temperature of less than 100° C.

Water has been used as a thermal quenchant, but by itself, 
provides too rapid a quenching in most examples of the heat 
treatment of engineering steels with the result that distortion 
of the object or internal damage to it is caused.

It is therefore far more common to employ an oil as the 
thermal quenchant in a heat treatment process. Several 
disadvantages arise from such use of an oil. Prime among 
these is that oil would pollute the environment and therefore 
presents a disposal problem when it is no longer fit for 
further use. Further, oils tend to give rise to noxious fiimes 
and can present a fire hazard. In addition, the oil needs to be 
washed off the metal object at the end of the thermal 
quenching step.

Attempts have therefore been made to find alternative 
thermal quenchants to water alone and to oils.

It is known, for example, to dissolve water soluble organic 
substances such as a polyvinyl alcohol, an alkylene glycol, 
or glycerol in an aqueous thermal quenchant so as to reduce 
the intensity of the quench. Although such materials are 
non-flammable and do not give off any fumes in use, they 
still represent an end-of-life disposal problem.

GB-A-986 756 relates to the cooling of a hot solid body 
in a fluidised bed, that is a moving bed, of solid metallic 
particles. The bed is fluidised by means of a stream of liquid, 
typically water, at ambient temperature. The fluidised par
ticles disrupt an insulating vapour film that forms around the 
body to be cooled and therefore enhances the cooling rate. 
Other documents also disclose the cooling of hot articles by 
means of a fluidised bed of particles. One example of such 
a document is JP-A-306 4421 which discloses the cooling of 
hot steel wire rod by means of a fluidised bed of metal 
particles. Another example is WO-A-00/17405 which dis
closes the cooling of steel wire by means of a fluidised bed 
of oxide particles.

JP-A-1100 217 discloses a quenching agent consisting of 
water, polyethylene glycol, and colloidal silica. The quench
ing agent shortens the vapour film stage during the forma
tion of martensite in a steel article.

U.S. Pat. No. 4,243,439 employs a quenching medium 
comprising coaqucous suspension of a binder and a pulveru
lent filler component selectively to modify the density, 
viscosity and heat conductivity of the medium for use in the 
quenching of aluminium alloys from 525° C. According to 
the teaching of U.S. Pat. No. 4,243,439, the presence of the 
solid suspended particles opposes the establishment or the 
stabilisation of an insulating calefaction film on the surface 
of the castings.

U.S. Pat. No. 5,681,407 discloses a method of quenching 
a wrought metal object formed of aluminium, iron, magne
sium or an alloy thereof in which a liquid quenchant 
(typically water) is employed. The liquid quenchant has a 
gas such as carbon dioxide deliberately pre-dissolved in it. 
The gas does not cause any disposal problem, and does have

2
some effect in lowering the quench rate. Nonetheless, this 
method still seems unsatisfactory for many engineering 
steels in that the maximum cooling rate is too high, as is the 
cooling rate at the temperature (about 300° C.) at which 
martensite forms.

There arc two problems which need to be solved. First, 
there is a need for a thermal quenching medium (“a 
quenchant”) which gives the operator some degree of con
trol over the cooling rate for a given quenchant temperature. 
Second, in the case of engineering and other steels, there is 
the need to find a quenchant which makes possible lower 
cooling rates, particularly at temperatures in the order of 
300° C., without giving rise to any serious disposal problem.

It is therefore an aim of the invention to address these 
problems.

SUMMARY OF THE INVENTION

According to the present invention there is provided a 
method of quenching a hot metal object formed of steel, the 
method including immersing the hot metal object in a 
suspension of an essentially insoluble inorganic particulate 
material in water, the suspension being initially at a tem
perature below 100° C.

The method according to the invention is suitable for 
treatment of alloys such as engineering steels that undergo 
an austenite-martensite transition during quenching or oth
erwise require a relatively slow cooling rate. In addition, the 
method is particularly suitable for treatment of high alloyed 
steels or tool steels which do not require a fast initial cooling 
rate and which would crack if cooled too quickly. Examples 
of such steels are molybdenum or tungsten high speed tool 
steels. The quenchant also has the advantage of not causing 
any substantial disposal problems.

The method according to the invention will now be 
described further by way of reference to the following 
example and the following drawings, in which:

FIG. 1 is a graph comparing at different quenchant 
temperatures maximum cooling rates for a simple water 
quenchant and two quenchants for use according to the 
invention.

FIG. 2 is a graph showing the effect of the amount of inert 
particulate material in the suspension on the cooling rate at 
300° C.

FIG. 3 is a graph similar to FIG. 2 showing the same effect 
when the suspension is saturated with carbon dioxide.

FIG. 4 is a graph showing the cooling rate as a steel 
workpiece is cooled from 850° C. to below 100° C. in a 
quenchant suitable for use in the invention and alternatively 
in a medium (viscosity) oil.

DETAILED DESCRIPTION OF THE 
INVENTION

The quenching rate can be selected by choosing the 
amount of the particulate material present per unit volume of 
water. The greater this amount, the lower the quenching rate. 
We believe that in a static system, with no agitation or 
displacement of either the water or the metal object, the 
inorganic particulate material helps to stabilise a vapour film 
around the surface of the article being cooled and thereby 
enhance the quench rate. Quenching rates can be further 
reduced if a readily soluble gas, such as carbon dioxide is 
dissolved, preferably pre-dissolved, in the suspension. 
Typically, the suspension is saturated with the readily 
soluble gas. Surprisingly, the gas does not disrupt the vapour 
film.
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The particulate material is preferably finely divided. 
Essentially all the particles preferably have a size in the 
range of 0.01 to 10 microns. (One micron=0.001 mm). The 
particulate material preferably has a density in the range of 
1 to 5 g/cm3.

Desiderata for the selection of the particulate material arc 
that it should be inert in the conditions to which it is 
subjected in the method and use according to the invention, 
and that it should also be non-toxic and non-carcinogenic. 
Ceramic materials, for example, oxides, nitrides and borides 10 
are generally suitable for use as the particulate material. 
Various forms of alumina, especially gamma—alumina, are 
particularly suitable.

Preferably for each one hundred grammes of water, there ^ 
are from 1 to 12 grammes, more preferably from 2 to 8 
grammes, of the particulate material in the suspension.

Carbon dioxide is very much the preferred gas for dis
solving in the suspension. It is copiously soluble in water. 
Other gases tend to be toxic or are relatively sparingly 2Q 
soluble. Sulphur dioxide comes into the former category; 
nitrogen into the latter.

The suspension of the inorganic particulate material in the 
water will normally be held in a bath which is of sufficient 
capacity to receive the metal object to be quenched and 2s 
which is open to the atmosphere. The quenching is therefore 
preferably performed at atmospheric pressure.

The suspension of the inorganic particulate material is 
preferably held at ambient temperature prior to contact with 
the metal object to be quenched but, if desired, may be at a 3C 
lower temperature or higher temperature. Generally, a tem
perature in the range of 5° C. to 50° C. is preferred.

The period of time for which the metal object is immersed 
depends on the cooling rate and the final temperature to 
which the metal object is to be quenched. Typically, this 3; 
period will be from 30 seconds to 10 minutes in duration.

If desired, a biocide may be dissolved in the suspension.

EXAMPLE
41The following experiments were performed using a test 

workpiece (also referred to as a “probe”) of inconel (TM) 
alloy 200 steel. The test workpiece took the form of standard 
Wo 11son quench probe equipment supplied by Drayton 
Probe Systems of Trentham, Stoke-On-Trent, Staffordshire, 4 
UK under the trade mark “QuenchMasler" conforming to 
the proposed international standard (ISO/DTS 9950 draft). 
The probe was heated to an internal temperature of approxi
mately but not less than 850° C. and was immersed in an 
open bath of chosen quenchant. The experiments were 5 
performed on a static system. There was no translation of the 
probe from its immersion until the cooling was complete. 
The bath was also static, i.e. there was no vigorous agitation 
or vigorous stirring of the water.

In a first experiment, the maximum workpiece cooling f 
rate was measured at several quenchant temperatures in the 
range 0 to 80° C., the quenchant being degassed water.

In a second experiment, the maximum workpiece cooling 
rate was measured at three different quenchant temperatures 
in the range 15 to 60° C., the quenchant being a suspension ( 
of 0.05 micron particles of gamma-alumina in water having 
a weight ratio of gamma-aluminium to water of 0.044 to 1, 
The suspension was formed by diluting a commercial sus
pension supplied by Leco Instruments, Stockport, Cheshire.

In a third experiment, the maximum workpiece cooling 
rate was measured at four different quenchant temperatures 
in the range of 0 to 60° C., employing the same quenchant

4
as in the second experiment, same that the water was 
saturated with carbon dioxide by bubbling carbon dioxide 
through the bath for a period of twenty minutes prior to 
immersion of the workpiece in the quenchant.

The results of the three experiments are shown in FIG. 1. 
The maximum cooling rates obtained at temperatures up to 
and including 60° C. were substantially lower in the 
alumina/water and alumina/water/carbon dioxide quen- 
chants than in the simple water quenchant. In general, 
quenchant temperatures above 60° C. are less preferred 
because difficulties can arise with excessive steam genera
tion as the temperature of the quenchant prior to immersion 
of the hot workpiece becomes closer to the boiling point of 
water.

When the third phase (dissolved carbon dioxide) was 
introduced, it was found that the effects of the carbon 
dioxide and the alumina in diminishing the maximum cool
ing rate were essentially additive.

In a second set of experiments, the effect on the cooling 
rate at 300° C. of various different weight ratios of gamma- 
alumina to water was investigated at an initial quenchant 
temperature of 40° C. The results obtained are presented in 
graphical form in FIG. 2. It was found that, within the range 
investigated (approximately 0.01:1 to 0.11:1), the cooling 
rate fell with increasing alumina concentration from over 
100° C./s to less than 10° C./s. The experiments were 
repeated with a suspension of gamma-alumina in water 

i saturated with carbon dioxide. Again, it was found that the 
cooling rate fell with increasing alumina to water weight 
ratio. The results are shown in FIG. 3.

The reason for selecting the cooling rate at a workpiece 
temperature of 300° C. was that it is at approximately this 

' temperature that the austenite to martensite transformation 
takes place. It is therefore particularly important that there 
should be slow cooling at around this temperature. The 
method according to the invention enables such slow cool
ing to be achieved, and the actual cooling rate to be tailored 

) to the composition of the workpiece.
It was noted that when the workpiece was removed from 

the quench bath some of the alumina was dragged out with 
it. The amount of dragged out material visibly increased 

5 with increasing alumina but was easily removed by washing 
with water. At lower alumina concentrations, some gentle 
stirring was required to maintain the alumina in suspension.

In a third set of experiments, the workpiece cooling curve 
was plotted for a quenchant according to the invention (a 

0 suspension of 0.05 micron particles of gamma-alumina in 
water having a weight ratio of 0.067:1, the water initially 
being at a temperature of 40° C. and being saturated at that 
temperature with carbon dioxide) and compared with the 
workpiece cooling curve for a medium oil quenchant. The 

5 two curves are shown in FIG. 4. The maximum cooling rale 
occurs at a much lower temperature with the quenchant 
according to the invention, than with the medium oil quen
chant. Preferably, a higher concentration of alumina is 
selected so as to eliminate the peak in the cooling rate at 

>0 approximately 300° C. It can be seen from FIG. 2 that 
alumina to water weight ratios of 0.10:1 can be used to 
achieve such a result.

The results presented above demonstrate that suspensions 
55 of inert particulate material in water are suitable quenchants 

for use in heat treatment processes. The suspension may be 
saturated with carbon dioxide.
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What is claimed is:
1. A method of quenching a hot metal object formed of 

steel, comprising: saturating water with carbon dioxide, and 
immersing the hot metal object in a suspension of an 
essentially insoluble inorganic particulate material in the 
carbon dioxide saturated water, the suspension being ini
tially at a temperature below 100° C.

2. The method of claim 1, wherein particles of the 
particulate material have a size in a range of 0.01 to 0.1 
microns.

6
3. The method of claim 1, wherein the particulate material 

is a ceramic material.
4. The method of claim 1, wherein each 100 grammes of 

water of said suspension includes from 1 to 12 grammes of
5 the particulate material in the suspension.

5. The method of claim 1, wherein the hot metal object is 
cooled in the suspension from a temperature greater than 
850° C.

^ 3: ^ ^ Si
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Furnace Atmosphere Optimisation by Modelling using 
Computational Fluid Dynamics
P.F. STRATTON, N. SAXENA and T. PHILIPS BOC Gases

Computer modelling of the effects of both internal and 
external factors on the integrity of the atmosphere offers a 
basis for optimising the control of a continuous heat 
treatment furnace,

INTRODUCTION
Many factors can influence tho effectiveness of the con
trolled atmosphere in a continuous furnace. Some of these 
factors are within the control of the furnace operator the 
injection locations, the atmosphere flow rates, the atmos- 
pnere composition, and the design of the external exhaust 
system. Some are less controllable: the ambient tempera
ture and humidity, and the draughts in the building 
The influences of these parameters on the furnace atmos
phere have been examined using computational fluid 
dynamics and the results checked, where possible, against 
actual operational data in a production-size laboratory 
sintering furnace. This paper reports the results of these 
experiments and makes recommendations for optimisation 
of the parameters under the operator's control, based on 
the conclusions drawn

EXPERIMENTAL TECHNIQUE
A Drever mesh-belt furnace, 8280mm long x 230mm wide x 
180mm high, was used for the physical experiments. The 
longitudinal section in Fig. 1 shows the four main parts of 
the furnace (pre heat, hot zone, and the two water-cooled 
zones) as well as the location of the gas injectors and 
physical curtains. The lengths of the four main sections of 
the furnace in the diagram are all drawn to the same scale. A 
door opening of 75mnrr at both the furnace inlet and exit was 
used for all the experiments. The measured furnace thermal 
proftie was obtained, based on a set pre-heat temperature 
of 650°C and hot zone temperatures of 1120°C and 800°C. 
The thermal wall profile for 1120°C is also shown in Fig. 7. 
Nitrogen was used as the inert gas in all the experiments. 
Gas flow rates in the range 11.3-17m3/h, typical for this type 
and size of furnace, were studied. Oxygen readings inside 
tha furnace were taken by withdrawing a gas sample with a 
6mm-diameter stainless-steel tube, placed at the specified 
location in the furnace, and measuring the gas sample with 
a calibrated Illinois Instruments oxygen analyser.
The results from the base case (a nitrogen flow of 11.3m3/h 
injected at point 2, the furnace cold and with no curtain 
fitted) are shown tn Fig. 2. Analysis of the experimental 
furnace in this condition confirmed the almost constant low 
oxygen level throughout the furnace.
For the experiments on the effects of draughts, it was con
sidered impractical to measure the air currents generated in 
the experiments directly. It was, therefore, decided to 
measure the pressure difference between points just out
side the furnace inlet and exit. The air flow equivalent to any 
pressure difference generated could easily be calculated

Based on the paper presented at the Wotfson Heat Treatment Centre 
conference "Developments in Heat Treatment Technology". NAC, 
Stoneleigh Park. England, on Match 29th 1995.

In order to create and confol the pressure difference 
consistently over a period of time, a fan was used to blow air 
across the furnace inlet. This lowered the pressure at the 
inlet which is equivalent to having a draft of air into the 
furnace from the exit side. In order to ensure that the fan did 
not blow air into the furnace inlet directly, the fan was 
placed at some distance away from it and a flexible duct 
used to direct the fan air perpendicular to the furnace inlet. 
The pressure difference created between the furnace inlet 
and exit was measured using an MKS diaphragm pressure 
gauge with a full scale range of 2.5mm H?0 (accuracy of 
±0.5%).
The furnace was modelled using a finite-volumes-based 
technique, a more detailed description of which is available 
elsewhere1. A number of experiments were carried out to 
confirm that tho model and the experimental furnace 
behaved in the same way, before proceeding with the main 
experimental programme. Further confirmations of 
particular effects were made, where practical, and these 
experiments are described in the appropriate sections.
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Fig2. Computed oxygen profile tot the base case: 11.Srre/h of nitrogen 
infected through iniet 2 only into a cold furnace with no curtains fitted.
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Distance from entrance, m

Fig,3. Computed oxygen profile for the furnace at temperature f 1.3m?/h 
of nitrogen injected through inlet 2 onty; no curtains fitted

Inlet?

With curtains fitted

to;

Distance frewr cntrnrxe, nr.

Fig.4. Computed oxygen profiles for the furnace at 1 i?OXi, with and 
wid'out curtains fitted; ? I3m3/fi of nitrogen injected through inlet 2 ony

INTERNAL FACTORS
Several of the factors affecting the performance of a con
tinuous furnace are within the control of the furnace 
operator. Optimisation of these factors has previously been 
a matter of experience, based on trial and error1'-3. A more 
systematic approach is now possible using computational 
fluid dynamics.
The effects of four key variables on the oxygen profile were 
studied and the calculated results were compared with 
experimental values. These variables were: temperature, 
curtains, number aixt location of inlets, and flow rate. While 
these variables are by no means complete, they are con
sidered influential in determining the ingress of air into 
furnaces.

The effect of temperature
The effect of raising the furnace temperature from the base 
case can clearly be seen in Fig. 3. At 1120cC, oxygen levels 
of lOOppm are evident as far as 1830mm from the entrance 
and 760mm from the exit.
This oxygen infiltration ts caused by the thermal gradient 
between the gases leaving the furnace and the wall temper
ature of the furnace. The hot gases tend to leave the furnace 
moving along the top of the muffle, allowing the colder air 
from outside to enter along the belt level. The entrainmeirt 
of cold air into the furnace continues up to the point where 
the momentum of the outflowing nitrogen is sufficient to 
overcome that of the ingressing air. It can be concluded 
from this set of experiments that, as the temperature 
increases, trie tendency for the oxygen to enter the furnace 
also increases.

The effect of curtains
When fibre curtains, as shown in Fig. 7, were added to the 
base case above, the oxygen ingress was markedly 
reduced, as illustrated in Fig. 4.
At the exit end, the curtains provide a physical barrier, mak
ing it more difficult for the oxygen to enter the furnace. Also, 
at the entrance of the furnace, less oxygen is seen entering. 
This effect is due to increased nitrogen flow towards the 
front, caused by the increased resistance to nitrogen out
flow at the back end. It can also be seen that the length of the 
zone within the furnace with oxygen content less than 
4ppm, defined as the "zone of integrity'', is 1220mm longer 
when curtains are installed. The experimental values of oxy
gen in the furnace were compared against the computed 
profile. This comparison is a close match as shown in Ftg. 5.

The effect of inlet position
Further modifying the base case, with curtains fitted as 
described above, by changing the distribution of the nrtro 
gen between the three injectors shown in Fig. 7, had no sig
nificant effect upon the length or position of the "zone of 
integrity". Such a result may have been expected as the 
injectors are far enough from the furnace ends for the differ
ent gas streams to merge, to form a common outflow, leav 
ing the amount of oxygen ingress unaffected. If the injectors 
had been placed close to the ends of the furnace, then some 
change may have occurred. This result does not decrease 
the importance of inlet position in maintaining zoneo 
atmospheres with compositional differences.

The effect of flow rate
Again modifying the base case with curtains fitted, by

Cu’tnin 2 
Curtain 1 \

Computed

Distance from sntrance, mDistance from entrance, m

Fig. 6. The effect of flmv raw on the “tone of integhtv ^ in the furnace with 
curtains.

Fig. 5 Computed and actual oxygen (.norites for the furnace at 112CCC 
with curtains fitted: lljirfl/h of nitrogen injected through iniet 2 only.
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Fig. 7. The effort of a small continuous draught from the entry end on the Fig 8. The effect of smaU continuous draughts from me exit end on the 
'rone of integrity" in the furnace with no curtains at a flow of 11.3m?/h "zone of rntegnty' in the furnace with curtains and a how of 11.3m-h 
nitrogen through injector 2 only. nitrogen

increasing the nitrogen flow to 17m3;’h, had a dramatic effect 
on oxygen ingress. Fig. 6 clearly shows that, with the 
increased flow, there was no oxygen ingress at the furnace 
entry and none beyond the first exit curtain This result was 
confirmed by a physical experiment.
This profile, when compared with that obtained for 11.3m3/h 
in Fig. 4, shows dramatically the powerful influence that the 
flow rate has in keeping the air out o? the furnace. In this 
specific case, it should be noted that the optimum flow to 
prevent oxygen from entering the furnace probably lies 
between 11.3 and 17m3/h. Higher flows would have no 
further benefit in reducing oxygen in the furnace. Using 
simple modelling techniques, it is possible to predict the 
minimum flow required to keep ad oxygen out of the front 
end of a given furnace, although such a calculation was not 
performed in this case.

EXTERNAL FACTORS
It has been known for some time that care has to be taken to 
avoid air currents in the vicinity of a continuous furnace in 
order to ensure optimal performance4. Variation in the 
quality of the workpieces is often linked to changes in the 
external conditions; for example, air currents in the heat 
treatment shop, shop temperature, winter/summer 
weather, low/high humidity, improper exhausting. The 
extent to which these external changes cause a change 
in the processing conditions inside a furnace has never 
been quantified
At least three external variables can tie identified as poten
tially affecting the furnace: the ambient air currents near the 
furnace inlet and exit; the external temperature; and the 
external humidity. While it is hard to isolate the effects of 
each of these variables In reality, since all three often 
change simultaneously, it is relatively easy to do so using 
computational fluid dynamics.

The effect of continuous draughts on an open 
furnace
The base case was modified to create a pressure difference 
between the ends of 0.038mm H20 (equivalent to a draught 
of 1.4km/h on to the entry end of the furnace). Fig. 7 shows 
that this small draught, such as could be produced by the 
presence of a beating vent or an exhaust fan, shifts the 
"zone of integrity" by 600mm.
The effect of the pressure difference is to move the zone of 
integrity in the direction of the lower pressure. If the draught 
is sufficiently large, the zone of integrity reaches the open
ings of the furnace. After only a further slight increase, the 
inert atmosphere is destroyed and the entire furnace is 
flooded with air,

The effect of continuous draughts on a curtained 
furnace
When the base case with curtains fitted was modified by 
creating a pressure difference of 0.038mm H,0 (a draught of 
1.4.km/h on to the exit end), the effect of the draught was 
much less severe, with the zone of integrity shifting only 
some 300mm as illustrated in Fig.8. A similar result was 
obtained when the severity of the draught was almost 
doubled to the equivalent of 2km/h, except that more 
oxygen penetrated the second set of curtains.
Experimental data showed the same trends as those 
predicted by the model.

The effect of flow rate on the ability to withstand 
draughts
With a flow of 17m3/h, the furnace atmosphere is much less 
affected by external air currents. Fig. 9 shows the model- 
predicted oxygen profiles (and experimental data) due to 
higher pressure at the exit end compared with the furnace 
inlet. The effects of draughts created by pressure differ
ences of 0.076mm H?0 (2km/h) and 0.114mm H:0 <2.4km/h) 
were modelled. The pressure difference once again causes 
air to ingress from the exit end, shifting the "zone of integn 
ty" towards the inlet. However, even at pressure differences 
of 0.114mm H20, oxygen levels through a considerable por
tion of the furnace are near zero.
The basic inference from these results is that, in order to 
keep the furnace free of any air ingr ess, 11.3r>3/h of nitrogen 
is not sufficient, while about 17m3/h is quite adequate, it is 
likely that a flow between 11.3 and 17m2/h mav be sufficient 
to keep the entire furnace oxygen free even when subjected
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Fig. 9. The effect nf continuous draughts from the exit end on the furnace 
with curtains and a flow of Vm^/h nitrogen.
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Fig 10 The effect of using two injectors on the ability of the htmace with 
curtains to withstand continuous draughts from the exit end.

to draughts. The minimum f!ow requirement depends, 
therefore, not only on the furnace geometry, the thermai 
profile and the ability of the physical curtains to reduce flow 
from the furnace ends, but on the magnitude of the 
draughts present in the vicinity of the furnace.
A furnace with minima! flow is quite prone to the effects of 
external air currents. By increasing the inert gas flow rate, 
the furnace becomes more resistant to these currents. 
These results also explain why similar furnaces placed at 
different locations require different flow rates in order to 
keep the furnace oxygen-free. A flow increase of uo to 50% 
may be necessary to maintain furnace integrity in a very 
draughty location.
The effect on inlet position on the ability to with
stand draughts
It is reported above that there was little difference in oxygen 
profile when the nitrogen was distributed between the three 
injectors in the furnace model. The differeric.es become 
mere noticeable when a pressure difference is introduced 
Using injectors 2 and 3, with injector 2 at 8.5m% and injec
tor 3, which is between the two sets of curtains, at 2.8m3/h, 
the nitrogen flow out of the exit is increased, allowing a 
lower oxygen level to be maintained in the area even in the 
presence of a 1.4km/h draught (Fig. 10). At the inlet end, 
however, there is less nitrogen available and lOOppm of 
oxygen penetrates 1220mm, as compared with only 
380mm when ait the gas entered through injector 2 under 
the same conditions (Fig. 8).
Results using alt three injectors were very similar to those 
described above.

.2 seconds

c ID3

0.2 03
OrtTancfi from ertrance, m

Fig. 11. The effect of a small transient draught from the entry end on the 
furnace with a /tow of J 7m3/?? nitrogen and curtains fitted.

The effect of transient draughts
The most common air currents encountered in any building 
are transient; i.e. they arise and subside within a matter of a 
few seconds in response to, for example, doors opening 
and closing. Under norma! circumstances, these can cause 
pressure surges of up to 0.7mm H;Q (equivalent to an a>r 
speed of 6km/h at room temperature). In a rare case, pres
sure surges can be larger (2 to 12.5mm H20, equivalent to 
air speeds of 10 to 25knrvh) and mav last for longer periods 
of time.
Fig. 11 shows the model-predicted oxygen profile at various 
times for a small pressure surge lasting 2 seconds. The 
surge occurs at the furnace inlet. Starting initially from a 
balanced furnace, the pressure rises to 0.64mm H20 
(5.7km/h) over a 0.5 second interval, lasts for a second and 
dies flown to zero level in the last 0.5 second. A nitrogen gas 
flow of ITird/h was used for the simulation, distributed 
through three inlets. The model predicts that oxygen levels 
at the~inlet rise from 4ppm to 10% in the first two seconds, 
though the original oxygen levels are restored after 10 sec
onds. Inside the furnace, oxygen levels change only within 
460mm of the inlet. Elsewhere the furnace is unaffected.
If the furnace is subjected to a larger pressure imbalance for 
about 2 seconds, the change in the oxygen profile inside the 
furnace is much more dramatic. Fig. 72 shows the effect of a 
large pressure surge on the predicted oxygen profile inside 
the furnace. The pressure at the inlet end changes from zero 
to 5mm H20 (16km/hl in 0.5 seconds, lasts for one second 
and dies clown to zero in the last 0.5 seconds of the two- 
second cycle. Nitrogen flow of 17m3/h through the three gas 
injectors was again used in the model The model predicts 
that the nitrogen atmosphere integrity is destroyed 
throughout the furnace within three seconds due to air 
ingress from the inlet, and it is only after 70 seconds or so 
that the oxygen levels are reduced to the levels recorded 
earlier.
The simulations showing the effect of the transient surges 
indicate that a furnace is more resistant to transient surges 
than to steady-state long-lived pressure differences 
between the inlet and exit For most minor draughts, air 
ingress affects only the first 500mm or so of the furnace. 
These effects subside in a matter of a few seconds and are 
hard to detect using standard oxygen measurement 
techniques. Such effects also contribute to the larger errors 
in gas analysis from samples taken in the vicinity of the 
furnace openings.
With an unusually-large air current, furnace atmospheres 
can be totally destroyed.
The effect of ambient temperature
The only reason for air to ingress into the furnace is the 
existence of a tliermal and/or pressure difference between 
the outside and the inside of the furnace. The thermal differ
ence between the furnace and ambient atmosphere is 
primarily determined by the furnace gas temperatures; thus 
external changes in temperature do not cause majoi 
changes inside the furnace. The only reason for the external 
temperature to make a difference >s when it creates a 
pressure surge around the fumace (such as when the doors 
of the heat treatment shop are open to the outside during 
winter).

The effect of humidity
Humidity has little role in affecting the fumace atmosphere. 
Even on very humid days, the water vapour content of the 
atmosphere rarely exceeds 2%. The water vapour can be 
considered as part of the available oxygen. As such it will 
not affect the penetration of oxidant into the furnace, but 
may increase the level of oxidant ingress by a maximum of 
10% where it does penetrate.
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Fig. 12. The effect of a large transient draught from toe entiy erd on the furnace with s flow of 1?m?/h nitrogen end curtains fitted

CONCLUSIONS
Furnace atmospheres can be modelled using computer 
programmes based on computational fluid dynamics. Such 
modelling is a useful tool to help understand the flow 
dynamics and visualise the flow velocities and composi
tional profiles. The work, to date, has been able to validate 
some of the current practices and also provide some new 
insights. The following are the most significant conclusions 
which have been reached:
1. Higher operating temperatures will cause more oxygen 

to enter the furnace for the same atmosphere flow rate. 
However, the magnitude of the effect of a given tempera
ture rise decreases with increasing temperature.

2. The oxygen infiltration from the ends of a furnace 
decreases with increasing flow rates. The minimum flow 
rate for a given furnace is a function of its geometry and 
operating temperature.

3. The number and location of gas inlets does not signifi
cantly affect the oxygen profile.

4. The use of physical curtains reduces oxygen ingress 
dramatically, not oniy where the curtains are placed but 
also at the opposite end.

5. Continuous draughts shift the "zone of integrity" away 
from the draught but do not decrease its size.

6. Physical curtains are effective in reducing the effect of 
continuous draughts.

7. When other parameters have been optimised, increased 
flow rate provides the best protection against the effects 
of draughts.

8. Furnace atmospheres are more resistant to relatively 
large transient draughts than to small continuous ones.

RECOMMENDATIONS
Based upon the results presented above, the following 
procedures should help reduce the effects of external air 
currents and ensure furnace integrity:
1. Use slightly more than the minimum atmosphere flow 

required to maintain furnace integrity. This ensures an 
oxygen-free furnace, as well as increasing the resistance 
of the furnace to external air currents. By decreasing the 
flow further, some areas of the furnace still remain

oxygen-free, though the zone of integrity decreases in 
length.

2. Take extra precautions to balance the furnace. Even a 
small long-lasting imbalance in pressures between the 
furnace inlet and exit can cause increased air ingress.

3. Use physical curtains in order to reduce the gas flow 
requirements or increase the size of the zone of integrity. 
Choose thick curtains and place them as close to the 
muffle openings as possible. Curtains placed at the exit 
end not only resist air in-flow at that end, but also cause 
reduced air ingress at the inlet end by redirecting more 
gas towards the inlet direction.

4. Flow injector locations (crftica! when zoning of the 
atmosphere is needed) arid curtain position should be 
carefully selected. In a hot furnace, since there is a 
tendency for the nitrogen to flow more towards the 
furnace exit, injectors placed after the curtains may not 
help much in inerting the furnace exit. In contrast, the 
reduced flow towards the inlet can cause increased 
oxygen ingress from the inlet. Locations should be 
chosen to avoid such causes of air ingress.
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The Optimisation of the Protective Atmosphere 
Flow in a Large Roller Hearth Annealing Furnace 

Using Computer Modelling

by

P F Stratton and N Saxena
- BOC Gases

ABSTRACT

While the cost of the provision of the protective atmosphere to large annealing furnaces 
is a minor component of the cost of its operation, the minimisation of that cost is always 
the aim of any competent operator. There are many approaches to such cost 
minimisation. For example the operator may take advantage of the compositional 
flexibility of nitrogen based atmosphere systems to 'zone' the furnace or he may simply 
reduce the flow of atmosphere gas.

There is a limit to the latter approach set by necessity to maintain product quality which 
is effectively determined by the abihty of the atmosphere to exclude air ingress. In the 
past the flow regime required for maximum quality at minimum cost has been determined 
by a combination of experience and experiment. This method can be costly both in 
terms of time, as furnace cycles can be long, lost production and scrap work when an 
experiment goes wrong.

The paper describes and alternative technique in which the atmosphere flow and 
composition are modelled using computational fluid dynamics. Using the model different 
flow regimes can be tested rapidly without risk and an optimum sought. The technique 
is illustrated by reference to the case of a large roller hearth annealing furnace

Entry
Vestibule
Vent

Roller HearthAtmosphere
Door (3)By-pass Pipe Vent

Inner
Enrty Door (4)
Door (1)

2.56m 36 65m 4.34m 2.56m
Entry Main Furnace Body Fast Cool Exit

Vestibule Vestibule

Figure 1. Schematic of the roller hearth annealing furnace



Background

A customer of BOC Gases Europe operates a large roller hearth furnace used for the 
annealing of liigh carbon wire in coils. A schematic of the furnace is shown in Figure 1. 
At any one time it contains 21 work hays. With a push time of 45 minutes the cycle 

time is almost 16 hours.

The customer produces a high quality product which requires zero decarbuiisation. 
When the furnace was converted to a nitrogen based atmosphere system in 1985, BOC 
Gases assisted the customer to ensure that this specification could be met. Since then 
further optimisation has been undertaken to minimise the atmosphere flow rate at which 
this could be achieved.

As has been common practice this optimisation has been achieved by a process of trial 
and error(1). It had been concluded that any further optimisation was not possible using 
this method without a significant risk of scrapping large quantities of product. Although 
some empirical atmosphere control parameters had been generated by the work, they 
were not considered robust enough to be employed outside the normal operating 
envelope and ultimately control was always the quality of the finished product. Thus no 
significant shifts outside the known operating envelope could be made without risk.

It may have been possible to carry out controlled experiments with the furnace empty 
during none productive periods. However, such trials may not have been representative 
of production and in any case the furnace was required 168 hours per week for 
production. Only during occasional works shutdowns was the furnace cooled to allow 
for essential maintenance.

As a result of these constraints BOC Gases decided that the best approach would be to 
model the furnace and try different atmosphere strategies in the safety of the computer 
before applying them to tire furnace.

Modelling overall flows

A model is only as good as the data used to create it. In this case there was a large 
amount of data available about the performance of the furnace under various conditions 
which could be used to validate the model. The furnace shell was known to be in good 
condition and its mechanical equipment well maintained. It was therefore decided that 
the centre part of the furnace need only be modelled to the extent of providing an 
atmosphere flow to the ends. The purging of the vestibules and the ingress of air caused 
when the doors opened were seen as the critical components of the system. It was in 
these areas that the modelling effort was concentrated.

Most of the physical dimensions of the furnace were relatively easy to model for an 
experienced engineer. What was difficult was assessing the relative leak rates of the 
various doors. (The doors must be designed to leak or there would only be one small 
escape path for the atmosphere gas from the furnace and the exit vestibule would have 
insufficient gas supply to purge in the required time.) A number of assumptions were 
made based on BOC Gases’ knowledge of the furnace and a simple model of the purging 
of the vestibules was developed.



It can be shown that for purging a well mixed oxygen rich space of volume (v) with 
nitrogen at a flow rate (q) the oxygen concentration (C) at time (t) is related to the initial 
concentration (C0) by the equation:-

C = C. exp
-(qt/v)

[1]

Thus, as the purge rate for each vestibule was known, it was possible to derive the purge 
flow rate from the slope of the curves of Ln(C) v t as shown in Figure 2. Subtracting 
the known nitrogen flows into each vestibule it was then possible to obtain the leak rates 
through the doors and door by-pass.

Oxygen(%)

q/v = 0.1097/min 
q = 50.4m3/h

q/v = 0.0897/min 
q = 41.1m3/h

Exit VestibuleEntry Vestibule

Purge time (mins)
3

Figure 2. The experimental purge rate for the entry and exit vestibules at a total flow of 107.5m /hr

However, Equation [1] assumes that there is perfect mixing between the purge gas and 
the gases in the vestibule. If this were true the total calculated leak rates through the 
doors (71.7m3/h) would be exactly equal to the total actual flow into the body of the 
furnace (87.7m5/h). In this case the calculated flow was some 18% less than the actual 
flow indicating that flow stratification and/or dead spots existed in the vestibules causing 
non-optimal purging. If the dead spots could be eluninated using some nitrogen injection 
schemes, there was the potential to use 18% less atmosphere gas to achieve the same 
result. This possibility is further explored below.

Taking into account the inefficiencies in mixing the calculated flows through the furnace 
doors and door by-pass were normalised to the actual flow. It can be seen from the 
flow balance diagram in Figure 3(a) that the leak rate through the exit vestibule is 
considerably higher than through the entry vestibule. At the initial flow rates, this results 
in a significant difference in purge rate between the two vestibules as can be seen from 
Figure 2. However, there is no advantage in pinging either vestibule faster than the cycle 
time requires. If the nitrogen flow is now redistributed as shown in Figure 3(b) such 
that the model gives identical minimum oxygen concentrations at the time either of the 
inner doors opens an overall flow rate reduction of 10% can be achieved.



Figure 3(a). Initial atmosphere flow balance.
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Figure 3(b). Modified atmosphere flow balance.
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Modelling vestibule purging

It was decided to model the exit vestibule using a finite volume element computational 
fluid dynamics programme(2) called FLUENT to assist with the design of a system to 
improve the mixing. In this type of programme the furnace volume is divided into a large 
number of cells. Knowing the inputs to the system such as wall temperatures and gas 
flows the programme solves a complex set of equations relating the atmosphere 
composition, velocity, etc. of one cell to that of the next cell and so on. Ihe process is 
repeated until a solution emerges.

This programme generates diagrams of the direction and velocity ol the gas flow within 
the vestibule and of the resultant oxygen concentrations. These diagrams help an 
engineer to visualise what is happening and devise ways of improving the situation. It 
also gives the engineer the facility to test ideas without the need to make changes and run 
physical experiments.

The first option considered was moving the entry vestibule gas inlet from its current 
position at the top of the side wall, approximately half way along the vestibule, to a 
position in the roof close to the inner door. Figure 4(a) shows that after purging for six 
minutes there was still a very high oxygen concentration in the centre of the load using 
this configuration and the velocity vectors (Figure 4(b)) suggested the reason why.



Figure 4<«) Oxygen profile with standard injector Figure 4(b) Velocity profile with standard injector

(Darker arcs indicate areas of lower oxygen concentration) (Larger and more numerous arrows indicate larger

flow and higher gas velocity)

To improve the position the inlet was further modified into the form of a sparge tube 
running across the vestibule above the height of the load. This configuration would 
allow the pressure of the nitrogen to create atmosphere movement within the load 
increasing the effective purge rate. Again after six minutes purging it can be seen from 
Figure 5(a) that the oxygen concentrations within the load are now much more 
consistent with those in the remainder of the vestibule. It may be expected therefore that 
the vestibule would purge faster using less gas in the process.

Figure 5(«) Oxygen profile with slot injector

(Darker arcs indicate areas of lower oxygen concentration)

Figure 5(b) Velocity profile with slot injector

(Larger and more numerous arrows indicate larger 

flow and higher gas velocity)

Practical results with overall flows

In practice the changes in flow necessary to achieve the reduction in flow suggested by 
the modelling were undertaken in stages over two weeks allowing the furnace to come to 
equilibrium after each small step change. First the flow into the entry vestibule was 
increased in line with the model and the decrease in purge time, to coincide with that 
originally acieved in the exit vestibule, was confirmed (Figure 6). The flow to the three 
inlets in the centre portion of the furnace was then reduced in stages while monitoring 
the purge rates of both vestibules, the atmosphere conditions in the hot zone, and the 
quality of the product.



Oxygen (%)

Exit VestibuleEntry Vestibule

Purge time (mins)
3Figure 6. The experimental purge rate for entry and exit vestibules at a total flow of 91 5m /hr

The final flow configuration is shown in Figure 7 and is even better than that predicted 
by the model resulting in an overall flow reduction of some 14.5%. The differential in 
purging rate between the entry and exit vestibules, although smaller, still exists 
suggesting that there is room for further improvement. However, the assumptions made 
about the integrity of the main furnace body may in practice limit the applicability of the 
model. Also if the flow to the entry vestibule is increased further, to speed purging, the 
pressure rise in the vestibule will further reduce the proportion of the furnace gas leaving 
via the entry vestibule to the point that gas from the vestibule is able to enter the main 
furnace body contaminating it with oxygen.

Figure 7(a). Theroretically optimised atmosphere flow balance.
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Figure 7(b). Experimentally achieved atmosphere flow balance.
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Practical results with modified vestibule purge

Unfortunately the fitting of the spargers into the vestibule, as suggested by the model, 
requires the furnace to be shut down and no such opportunity has been available since 
the theoretical work has been completed. However, BOC Gases’ success with the 
practical validation of other furnace models<3), particularly with respect to their Nitraware



package for the optimisation of flows in open ended continuous furnaces, leads to the 
belief that the practical results will closely follow the model in this case as well.

Conclusions

It has been clearly demonstrated that computer modelling can be a powerful tool for the 
engineer wishing to optimise the performance of heat treatment furnaces. The technique 
is not only an aid to visualising the processes taking place but in performing expemnents 
that would be both difficult and costly in the physical world.
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A simple, PC-based furnace brazing atmosphere model

by
PF Stratton and N Saxena - BOC Gases

Abstract

The important role of protective atmospheres during the processing of furnace brazed 
assemblies was established at the inception of the technology. Since that time several studies 
have been carried out to determine how the optimum atmosphere conditions can be established 
for a given product by using different gas injectors and varying atmosphere flow rate and 
composition. Tire most common approach taken to gain insight into furnace atmospheres has 
been to use commercial computational fluid dynamics codes. However, the complexity of tlrese 
codes, their cost and computational requirements, limit their usability in solving day-to-day 
problems encountered during production.

hr tins paper, a simplified, PC-based model of a furnace atmosphere is described where Are 
conservation equations are solved to determine the composition profiles in tire furnace resulting 
from the introduction of any given atmosphere gases. The results from this model ar e compared 
with Arose from production furnaces. Tire application of Are model to Are understanding of 
existing furnace conditions and determining ways of optimising Are use of gases are discussed

Introduction

Tire atmosphere in Are furnace prevents ah’ ingress and pails oxidation, helps flush away any 
binder from braze pastes and provides an important mode of heat transfer^. In a batch furnace, 
having typically one or two gas injector’s, the gas utilisation and brazing process can be 
optimised by minimising air leaks and providing atmosphere homogeneity by using fans or other 
atmosphere circulation techniques. In a continuous furnace, however, atmosphere optimisation 
is more difficult Furnace inlet and exit can act as sources of air ingress. The atmosphere 
requirements of different stages in brazing; binder removal, surface preparation, joint formation 
and cooling differ^. Achieving these atmospheres in different sections of the open ended 
furnace is a relatively complex task. Methods such as atmosphere zoning and use of physical 
curtains and gas injectors have evolved with time, though it is not clear' how effective tlrese 
techniques will be for a given brazing process. This increases the dependence of a parts 
manufacturer on atmosphere experts, usually the gas suppliers, which can delay routine 
troubleshooting.
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Attempts have been made to understand and visualise gas flow behaviom* using computational 
fluid dynamics (CFD) (3). hi this technique hie fimiace is divided into several thousand 
microvolumes (or finite elements) and the equations of mass, momentum and energy are solved 
iteratively to determine temperatures, gas velocities and composition at different locations in the 
furnace. While being quite useful in gaining insights, CFD modelling cannot be used for routine 
troubleshooting because:-

(i) most CFD codes are quite expensive to lease and require a fast workstation and an
expert in CFD to operate it,

(ii) Are CFD model of a furnace typically requires at least a few hour's to set up and a 
few horn's to converge with an answer,

(iii) CFD codes cannot be used to optimise except by trial and error in the inputs(4).

It was therefore decided to develop a simpler model that could be run on a personal computer 
to overcome these problems. Tire model is contained in the Nitraware™ computer program, a 
proprietary softwar e developed by BOC Gases. This program is user friendly and can be used 
on the production floor for routine troubleshooting. It avoids the drawbacks of Hie more 
elaborate CFD codes and provides a useful tool to run “what-if ’ scenarios on a personal 
computer before experimenting with the real furnace. This paper describes the model and how 
it was found useful in modelling furnace atmospheres in a brazing fimiace. The applicability of 
this model for optimisation of any continuous heat heating fimiace is also emphasised.

Model Description

BOC has developed a model for modelling furnace atmosphere and thermal profiles as a 
function of gases injected in the furnace and the furnace conditions. This ready-to-use model 
works on any Windows based personal computer (386 or up) spreadsheet software. Any 
continuous fimiace with an inlet and outlet containing up to seven heating and cooling zones can 
be modelled The fimiace model is cun'ently capable of accounting for up to six gas injectors 
present hi the fimiace. Injected gas can constitute any combination of inert, reducing or 
oxidising gas species. For this paper, the discussion is restricted to the use of nitrogen, 
hydrogen, water vapour and oxygen as components of the injected gas. The model accounts 
for two physical curtains placed in the cooling zone of the fimiace and adjustable door heights at 
the parts inlet and outlet.

The equations solved are the simplified forms of die conservation equations for mass, 
momentum, energy and species. While the mathematical description of these equations can be 
found m any classical textbook on transport phenomena^'1, the simplified balance equations hi a 
control volume can be quite conveniently described as:-

Rate of accumulation - Rate of flow in - Rate of flow out + Rate of reaction (1)
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Equation (1) can be applied for any quantity of interest For instance, if one is interested in 
determining die oxygen profile in a furnace operating in a steady state, the left side of the 
Equation (1) can be equated to zero. Oxygen can flow into die furnace from parts inlet and exit, 
or as an inpurity in the injected gas supply. It can flow out of die furnace from die exhaust 
stacks or die parts inlet and exit by convection/diffusion along witii the furnace atmosphere 
gases. It can participate in the reaction

H2 + O2 <==> H2O (2)

which can cause depletion of oxygen and formation of water molecules. Similar reactions can 
be considered for odier species. Equation (1) can also be used to calculate the diennal load to 
the furnace, where the variable of interest is the assembly’s temperature (or gas temperature) 
and its rate of flow in or out can depend on convection, conduction and radiation terms.

For inputs of furnace information available to any production engineer, die furnace model solves 
continuity equations diroughout the finnace. Simplifying assumptions are made to make die 
program solution converge in real time so that the answer can be displayed on die computer 
screen nearly instantaneously.

Model Inputs

Tire fimiace model requires input of basic furnace information which normally is readily available 
to an engineer on die production floor: physical dimensions of the furnace; the door heights at 
the parts inlet and exit; temperature settings in die various zones of the furnace. The program 
also requires input of die number of gas injector’s drat are present in die fiunace, their location 
and flow rate, and composition of gas injected The type of gas injector can also be descnbed if 
necessary. Finally, the model needs the location of each of die two physical curtains present in 
the furnace.

One problem in most furnace models is diat once die physical geometry is assigned initially, it is 
difficult to change and re-compute die results. This is quite a hindrance in brazing furnaces 
where certain inputs have an inherent level of uncertainty to them, such as exact gas flows, and 
exact temperatmes in die different zones. While using the furnace model, any input to the model 
can be changed at any time and die results computed instantaneously. Key emphasis has been 
to make the fimiace model user-friendly.

Model Outputs

The furnace model calculates die wall, gas and parts temperature, and the resulting atmosphere 
profiles of hydrogen, oxygen and water vapour’ (shown as dew point) as a function of distance 
from die parts inlet This data is available in both numerical and graphical format Information
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such as the gas flow rates at the inlet and exits can also he calculated The differences between 
two different settings can he graphically examined simultaneously to determine the sensitivity of 
the atmosphere profiles to a change in a particular flow setting

Optimizer

Tire model described above predicts furnace profiles for a given set of input conditions. During 
production and process optimisation, it is often equally important to know what corrective 
action should be used to counter or avoid an existing condition. For instance, if air ingressing 
from the parts inlet for a specific set of gas flow rates causes oxidation of the parts, it is vital to 
know what is the least amount of inert gas required to keep the ah' out The fiimace model can 
be used to determine what this flow rate should be. This can be done by using the optimizer 

feature of the fiimace model.

Experimentation

In order to verify that the outputs of the model were consistent with the real world, the furnace 
atmosphere composition profiles predicted by the model were compared with the results 
actually obtained in practice. The furnace considered was a 450mm wide production mesh belt 
fumace used for the copper brazing of mild steel fitments. This fiimace was chosen as it was 
expected to be a stem test for the model.
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Figure 1 Schematic and temperature profile of the production brazing furnace.

The model assumes that the furnace is of uniform cross-section throughout its length, as would 
be typical of a muffled furnace. In this furnace the cooling section and entry and exit vestibules 
are approximately 250mm high and 450mm wide. However, the hot section, as is typical of 
brick lined furnaces, is 1525 mm high and 920 mm wide. A schematic of the furnace showing 
the atmosphere inlet positions is shown in Figure 1 together with the measured wall temperature 
profile with the belt speed set at 250mm/min and a schematic of the model is shown in Figure 2 
for comparison. To model the furnace as accurately as possible the furnace dimensions were 
averaged over the full length of the furnace to give the correct internal volume. As the entry and 
exit vestibules approximated to this averaged cross-section no modifications to the actual door 
openings were employed
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Figure 2. Brazing furnace model and wall temperature profile.

As a start position for the optimisation of the furnace atmosphere the atmosphere inlet positions 
and flow rates were selected based on BOC’s experience of this type of furnace Most of the 
flow was introduced into the hot zone via injector 2 with the remainder into the cooling zone via 
injectors 3 and 4. The atmosphere profile with regard to dew point, the most critical factor in 
the determination of effective brazing, predicted by the model compared with the actual results 
for this initial guess at the correct gas composition and flow rates is shown in Figure 3. It can 
clearly be seen that the model closely approximates to the practical results except that the 
penetration of oxygen (air) into the hot zone is slightly higher in practice than the model 
predicted probably due to the much laiger than modelled furnace cross-section at this point.
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Figure 3. Comparison of model output and practice for initial flow distribution.
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Figure 4. Comparison of model output and practice for modified flow distribution.
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Having seen the results, a modification to the atmosphere distribution was made to counteract 
the efiects produced by the excessive air ingress from the front of the furnace. Some additional 
nitrogen equivalent to approximately 4% of overall flow was introduced into the ends of the 
furnace (injectors 1 and 5) to produce Nitrazone1M barriers and the balance of flow between 
injectors 2 and 3 equalised The prediction for this modified flow distribution is compared with 
the results obtained in practice in Figure 4. Again the penetration of air into the furnace is 
greater than is predicted by the model but the model does show an improvement in dew point of 
the same order of magnitude as that produced in practice.

If the atmosphere is again redistributed by introducing all the atmosphere, except that small 
amount used for the Nirazone barriers, via injector 3 then the model predicts that no significant 
changes in atmosphere composition will occur. However, examination of the predicted gas 
temperatures shows a different story. It can clearly be seen from Figure 5 that the introduction 
of atmosphere gas via injector 2 causes a significant drop in gas temperature in the hot zone. 
With the atmosphere distribution modified as described above this dip in temperature occurs at 
the beginning of the cooling zone just where it is required for maximum benefit in cooling effect 
Although this has not been tried in practice its adoption should increase the possible running 
speed of the furnace and hence its productivity.

54321

Entry Hot Zone Cooling Zone Exit

Distance from entry (ft)
Wall - - - Gas 1------Gas 2

Figure 5. A comparison of gas temperatures for multiple (Gas 1) and single cooling zone (Gas 
2) injector strategies.
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Previous studies applying this model to furnaces of constant cross section(6) have shown a much 
closer correlation between the model and practice. For example Figure 6 compares the output 
of the model with the experimental results when a strategy for the minimisation of hydrogen at 

the exit of a sintering furnace was modelled

Distance from entry (ft)

♦ Expt. -Model

Figure 6. A comparison of experimental and model hydrogen atmosphere profiles for a 

constant cross section sintering furnace.

Conclusion

From the results shown above, it is clear that developing models of a furnace is an effective way 
of optimising the brazing process. While complex models using commercial CFD codes are 
very useful in modelling actual flow phenomena for complex geometries and flow combinations, 
useful information can also be gained by simplified furnace models as shown in this work. Flow 
rates and compositions required to obtain a desired atmosphere profile for optimised brazing 
can be conveniently obtained by anyone familiar with the furnace. No special modelling skills 
are required and the results can be obtained in real time for a vast majority of continuous

furnaces.

The use of simplified easy-to-use models which work on a personal computer and give results in 
real-time make them a useful tool in routine troubleshooting Useful information can be obtained 
by simulating different scenarios in a cost effective manner Experimentation on a real furnace.

9



which is much more time consuming and expensive, can be minimised and Hie technical and 
economic impact of different options used for process optimisation more quickly evaluated
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A GENERALIZED ANNEALING FURNACE ATMOSPHERE MODEL AND ITS
VERIFICATION

Neeraj Saxena, Paul Stratton and David Overington 

BOC Gases

ABSTRACT

The important role of furnace atmospheres 
during annealing of parts has been well recognized. 
Several studies have been done to determine how a 
suitable furnace atmosphere can be obtained using 
different gas injectors, or by changing their location, 
gas flow rates and composition. The most common 
approach taken to gain insight into furnace 
atmospheres has been to use commercial 
Computational Fluid Dynamics (CFD) codes. The 
complexity of these codes, the costs and the 
computational requirements limits the usability of such 
models in solving frequent day-to-day type problems 
encountered during annealing.

In this paper, a simplified PC-based model of 
a furnace is described where the conservation 
equations are solved to determine the resulting 
profiles in a furnace for a given composition of gases 
injected. Model results are verified against 
experiments conducted in furnaces used for annealing 
production. The model's applicability in
understanding existing furnace conditions and 
determining ways of optimizing the use of gases are 
discussed.

INTRODUCTION

The atmosphere in the furnace prevents air 
ingress and parts oxidation, helps flush away the 
binder from the parts, provides an important mode of 
heat transfer and can affect the carbon content of the 
part [1]. In a batch furnace, having typically one or 
two gas injectors, the gas utilization and annealing 
process can be optimized by addressing two issues - 
minimizing air leaks and providing atmosphere 
homogeneity by using fans. In a continuous furnace, 
however, atmosphere optimization is more difficult. 
Furnace inlet and exit can act as sources of air ingress. 
The atmosphere requirements of different stages in 
annealing - binder removal, powder oxide reduction,

carbon diffusion, consolidation and cooling differ. 
Achieving these atmospheres in different sections of 
the open ended furnace is a relatively complex task. 
Methods such as atmosphere zoning and use of 
physical curtains and gas injectors have evolved with 
time [2], though it is not clear how effective these 
techniques will be for a given annealing process. This 
increases the dependence of a parts manufacturer on 
atmosphere experts - usually the gas suppliers - which 
can delay routine troubleshooting.

Attempts have been made to understand and 
visualize gas flow behavior using Computational Fluid 
Dynamics (CFD) [3], With this, the furnace is divided 
into several thousand microvolumes (or finite 
elements) and the equations of mass, momentum and 
energy are solved iteratively to determine 
temperatures, gas velocities and composition at 
different locations in the furnace. While being quite 
useful in gaining insights, CFD modeling cannot be 
used for routine troubleshooting because: (i) most 
CFD codes are quite expensive to lease and require a 
fast workstation and an expert in CFD to operate, (ii) 
the CFD model of a furnace typically requires at least a 
few hours to set up and a few hours to converge with 
an answer, (iii) CFD codes cannot be used to optimize 
except by trial and error in the inputs [4,5].

Consequently a furnace model was 
developed at BOC Gases. The model is contained in 
Nitraware™ computer program, a proprietary software 
developed by BOC Gases. This program is PC-based 
and user friendly and can be used on the production 
floor for routine troubleshooting. It avoids the 
drawbacks of the more elaborate CFD codes and 
provides a useful tool to run “what-if” scenarios on a 
personal computer before experimenting with the real 
furnace. This paper describes the model and how it 
was found useful in modeling furnace atmospheres in 
a steel annealing furnace. The applicability of this 
model for optimization of any continuous heat treating 
furnace is also emphasized.
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MODEL

Description

BOC has developed a furnace model for 
modeling furnace atmosphere and thermal profiles as a 
function of gases injected in the furnace and the 
furnace conditions. This ready-to-use model works on 
any Windows based Personal Computer (386 or up) 
spreadsheet software. Any continuous furnace with 
an inlet and outlet containing up to 7 heating and 
cooling zones can he modeled. The furnace model is 
currently capable of accounting for up to 6 gas 
injectors present in the furnace. Injected gas can 
constitute of any combination of inert, reducing or 
oxidizing gas species. For this paper, the discussion is 
restricted to the use of N2, 02, H20 and H2 as 
components of the injected gas. The model accounts 
for 2 physical curtains placed in the cooling zone of 
the furnace and adjustable door heights at the parts 
inlet and outlet.

The equations solved are the simplified forms 
of the conservation equations for mass, momentum, 
energy and species. While the mathematical 
description of these equations can be described in any 
classical text book on transport phenomena [6], the 
simplified balance equations in a control volume can 
be quite conveniently described as:

Rate of Accumulation = Rate of flow in - Rate 
of flow out + Rate of Reaction (1)

Equation (1) can be applied for any quantity 
of interest. For instance, if one is interested in 
determining the oxygen profile in a furnace operating 
in a steady state, the left side of the Equation (1) can 
be equated to 0. Oxygen can flow into the furnace 
from parts inlet and exit, or as an impurity in the 
injected gas supply. It can flow out of the furnace 
from the exhaust stacks or the parts inlet and exit by 
convection/diffusion along with the furnace 
atmosphere gases. It can participate in the reaction

H2 + 02 <=> H20 (2)

which can cause depletion of oxygen and formation of 
water molecules. Similar reactions can be considered 
for other species. Equation (1) can also be used to 
calculate the thermal load to the furnace, where the 
variable of interest is the part’s temperature (or gas 
temperature) and its rate of flow in or out can depend 
on convection, conduction and radiation terms.

For inputs of furnace information available to 
any production engineer, the furnace model solves 
continuity equations throughout the furnace. 
Simplifying assumptions are made to make the 
program solution converge in real time so that the 
answer can be displayed on the computer screen 
nearly instantaneously.

Model Inputs

The furnace model requires input of basic 
furnace information which normally is readily available 
to an engineer on the production floor: physical 
dimensions of the furnace, the door heights at the 
parts inlet and exit, temperature settings in the various 
zones of the furnace. The program also requires input 
of the number of gas injectors that are present in the 
furnace, their location and flow rate and composition 
of gas injected. The type of gas injector can also be 
described if necessary. Finally, the model needs the 
location of each of the 2 physical curtains present in 
the furnace.

One problem in most furnace models is that 
once the physical geometry is assigned initially, it is 
difficult to change these input and re-compute the 
results. This is a quite a hindrance in annealing 
furnaces, where certain inputs have an inherent level 
of uncertainty to them; such as exact gas flows, and 
exact temperatures in the different zones. While using 
the furnace model, any input to the model can be 
changed at any time and the results computed 
instantaneously. Key emphasis has been to make the 
furnace model user-friendly and the results quick to 
obtain.

Model Outputs

The furnace model calculates the wall, gas 
and parts temperature, and the resulting atmosphere 
profiles of Qz, H2 and H20 (shown as Dew-point) as a 
function of distance from the parts inlet. This data is 
available in both numerical and graphical format. 
Information such as the gas flow rates at the inlet and 
exits can also be calculated. The differences between 
two different settings can be graphically examined 
simultaneously to determine the sensitivity of the 
atmosphere profiles to a change in a particular flow 
setting.

Optimizer

The model described above predicts furnace 
profiles for a given set of input conditions. During
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production and process optimization, it is often 
equally important to know what corrective action 
should be used to counter or avoid an existing 
condition. For instance, if air ingressing from the parts 
inlet for a specific set of gas flow rates and causes 
oxidation of the parts, it is vital to know what is the 
least amount of inert gas required to keep the air out. 
The furnace model can be used to determine what this 
flow rate should be. This can be done by using the 
optimizer feature of the furnace model.

fiXPERlMliNTATION

To verify the model, a 0.61m (24 inch) muffle 
furnace present at a customer site was used for 
simulation and taking experimental data. This furnace 
was 16.36m (54 feet) long, with a muffle approximately 
0.127m (5 inches) in height. The furnace had 5 zones- 
one preheat, one hot zone and 3 cooling zones. 
Temperature settings for the preheat and the hot zone 
were 833°C (1500°F) and 1125°C (2050°F) respectively. 
There were a total of 2 gas injectors in the furnace, 1 in 
the hot zone and 1 at the rear of the cooling zone. The 
physical curtains were located at the end of the last 
two cooling zones of the furnace. Door heights were 
not changed and an opening of 0.127m (5 inches) was 
present at either end of the furnace. A schematic of 
this furnace is shown in Figure 1. At the time of 
experimentation, as production was continued in the 
furnace, flows were not changed. Though it is realized 
that lack of inability to change gas flows without 
interrupting production limited the experimental 
verification on this furnace, extensive previous 
validations of the furnace model for a sintering 
application [7] have indicated that the model 
predictions quite adequately represent the 
experimentally observed trends

GAS INJECTORS

PREHEAT HOT ZONE COOLING ZONE l-PHYSICAL
CURTAINS

Figure 1 Schematic of a furnace used for model 
verification for this paper

MODKI. RESULTS

While the trends predicted by the model have 
been presented in more detail in another publication

[7], the results can be summarized as follows for 
illustrative purposes. The furnace used for these 
simulations was very similar to the one used for 
experimental verification: a 0.61m wide and 17.6 m long 
muffle with a hight of 0.15 m. For this furnace, 6 
injectors and two physical curtains were used as 
shown in Figure 2.

GAS INJECTORS

CURTAINS

Figure 2 Schematic of a furnace used to illustrate 
model’s results.

The model was used to study the effect of 
inert gas flow rates on air ingress in the furnace. For 
this purpose, the furnace described above was 
assumed to have gas flowing out of 3 injectors only; 
these injectors were located at distances of 0.76m, 
9.55m and 16.36m (2.5, 31.5 and 54 feet respectively) 
from the furnace inlet. For the first set of simulations, 
it was assumed that only nitrogen was being used and 
the flows were 5.66, 31.15 and 5.66 Nm^/hr respectively 
(200, 1100 and 200 scfh) through gas injectors # 1, 2 
and 3 respectively (total flow 42.48 Nm3/hr (1500 scfh). 
For these conditions, Figure 2 shows the model 
predicted oxygen profile in the furnace. As shown, 
these nitrogen flows are insufficient to keep out the air 
from the parts inlet end, and oxygen levels of 100-300 
ppm are predicted as far as 1.5m (5 feet) into the 
fiimace.

Figure 2 also shows the model predicted 
oxygen profile in the furnace when the nitrogen flow 
to injector # 2 is increased to 36.81 Nm3/hr (1300 scfh, 
for a total flow of 48.14 Nm3/hr or 1700 scfh) and 40.32 
NrriVhr (1424 scfh, total flow 51.65 Nrn/hr or 1824 scfh) 
respectively. If the nitrogen flow in injector # 2 is 
increased to 36.81 NmVhr, the additional inert gas flow 
causes oxygen levels to be near

base levels of 4 ppm over a longer length of the 
furnace, i.e., a level of 100 ppm is observed at a 
distance of 0.66m from the inlet. Thus, increasing the 
flow of nitrogen by 5.66Nm3/hr increases the size of 
zone of integrity by as much as 0.91m (3 feet). When 
the flow is increased further to 40.32 NmVhr, no 
oxygen is predicted in the furnace near
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Figure 3. Predicted oxygen profile in the furnace vs. 
N2 flow in injector # 2. Flows in injector # 1 & 3 were 
5.66Nm3/hr (200 scfh) IS each. The Nitraware1** 
computer program was used to obtain the model data.

the inlet. 40.32 Nrn/hr scfh was the optimal IS flow 
predicted by Nitraware™ computer program which 
was necessary to prevent air ingress from the inlet 
end. Extra flow added to the furnace would only be 
necessary to provide a margin of safety against drafts, 
air leaks and effects of air entrapment by parts (if any).

These results imply that a total flow of 42.48 
NmVhr (1500 scfh) of nitrogen causes air ingress 1.67m 
(5 feet) in from the furnace inlet, while no air ingress 
occurs when 51.65 Nm3/hr (1824 scfh) of inert gas is 
flowed. Thus, an extra 11.44 Nm3/hr (324 scfh) of 
nitrogen is required to prevent air ingress. An 
alternative approach to countering air ingress may be 
to add hydrogen to the second gas injector flow. The 
validity of this approach can be checked by simulating 
the scenarios on the BOC furnace model . Figure 4 
shows the results of simulation where 29.73 Nm3/hr N2 
+ 1.42 F4 (1050 scfh H + 50 scfh of ft ) is flowed 
through injector # 2. For comparison, the case where 
31.15 NmVhr (1100 scfh) of was flowed, is also 
plotted. The total gas flow used in the two cases 
remains the same: 42.48 NmJ/hr (1500 scfh).

When hydrogen is used, an oxygen at a base 
level of 4 ppm is predicted 1.67m (5 feet) in from the 
furnace inlet (compared to 200 ppm when only 
nitrogen was used). At the same time, hydrogen 
levels between 0.2 and 5 % are predicted throughout 
the furnace. As one moves away from the hot zone 
towards the furnace inlet, the dew point remains low (- 
57 °C or -70°F) till 1.82m (6 feet), and then increases 
sharply to-12.2°C or 10°F at the furnace inlet. These 
results clearly show that oxygen entering the furnace 
as a result of air ingress is reacting with hydrogen. 
Water is formed as a result and the dew point 
increases near the furnace inlet. As the gases flow out 
towards the inlet, they become colder and high oxygen

levels are predicted within the first 0.61m (2 feet due) 
to the retarded oxygen-hydrogen reaction.

1.42 NmVhr (50 scfh) of hydrogen in a total 
gas flow of 1500 scfh is not sufficient to lower the 
oxygen readings throughout the furnace. The oxygen 
level is lowered somewhat due to the hydrogen- 
oxygen reaction, but this occurs at the cost of an 
increased dew-point.

Distance from Inlet, ft.

1050 N2+50 H2-op*need 1100N2

I -20

i -40

Distance from kilet, ft.

1050N2+50H2-optrrzBd - - - -1100N2

Figure 4. Predicted oxygen, hydrogen and dew point 
profiles in the furnace vs. injector # 2 composition. 
For 1100 scfh IH, the hydrogen reads zero. The 
Nitraware™ computer program was used to obtain 
the model data.

During a annealing operation, the increased dew-point 
may be acceptable and may actually aid binder 
burnout. However, the economics of using of 42.48 
NmVhr (50 scfh) of hydrogen have to be compared 
against the option of increasing the nitrogen flows by
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5.66Nm3/hr (324 sc(h). Based on current gas prices, 
increasing total gas flows is perhaps equivalent to 
increasing the amount of hydrogen. A decision has to 
be made based on whether the process can tolerate an 
increased dew point in the preheat section.

The results discussed above demonstrate the 
capability of the BOC furnace model to simulate critical 
scenarios of furnace operating conditions on the 
computer without spending valuable resources 
determining the results by actual experimentation.. 
These scenarios, as well as their impact on the process 
and its economics, can be conveniently evaluated in 
real time using a personal computer.

and convection occurring in the furnace are quite 
adequately described in the model.

It should be noted that while the gas 
temperatures are expected to similar to those measured 
of the belt at a given location, they are never expected 
to be equal to one other since that will violate the laws 
of conservation of energy; there has to be finite 
difference between the gas temperature and the belt 
temperature in order to allow heat transfer from one to 
the other.

Oxygen profiles

VKRIFICATION AND DISCUSSION

As mentioned before, experiments were 
conducted to validate model predictions in which 
concentrations of oxygen, hydrogen and moisture 
were measured at several locations in the production 
furnace in use. For the measurements, 1550 sclh N2 
and 150 scfh H2 were flowed through an injector at the 
end of the hot zone (roughly in the middle of the 
furnace), while 190 seth N2 was flowed through an 
injector present within a foot of the exit end.

Temperature profiles

One of the predictions of the furnace model is 
the gas temperatures which are expected at different 
locations within the furnace. Accuracy in these 
predictions should be high since the reaction rates 
calculated at a furnace location are a strong function 
of temperature. The model calculated gas

BELT & MODELED GAS TEMPERATURES

Figure 5. Experimentally measured belt and modeled 
gas temperatures for the furnace used for model 
verification. The Nitraware,',, computer program was 
used to obtain the model data
temperature can be compared to the experimentally 
measured belt temperature as shown in Figure 5. As 
shown, the predicted gas temperature matches quite 
well with the observed belt temperature, indicating 
that the thermal phenomenon of conduction, radiation

Since the furnace was under production 
conditions where no oxidation of parts was observed, 
it is to be expected that low levels of oxygen are 
expected in the furnace. Figure 6 compares 
experimental values against the modeled oxygen levels 
in the furnace. As shown, the experimentally 
measured oxygen levels are below 4 ppm throughout 
the furnace. The modeled oxygen profiles indicate the 
same trend throughout the furnace except the first 
two feet of the furnace.

Figure 6. Predicted and experimentally measured 
oxygen levels for the annealing. 1 he Nitrawarc 
computer program was used to obtain the model data

The higher modeled oxygen levels of the 
furnace are explained in terms of the specific operating 
conditions on the annealing furnace which were not 
accounted for in the model; i.e. the presence of a flame 
exhaust at the front end of the furnace. This flame 
exhaust at the front is present to bum off excess 
hydrogen from the furnace which is flares away. The 
excess temperatures of this flame tend to create a 
suction towards the front end of the flame, which 
prevent air ingress into the furnace, resulting in low 
oxygen levels.

Hydrogen Profiles
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Figure 7. Predicted and experimentally measured 
dew [joint levels for the annealing furnace. The 
Nit raw are'" computer program was used to obtain 
the model data

CONCLUSION

Figure 6 shows the model predicted and 
experimentally measured hydrogen levels in different 
parts of the furnace. This profile is interesting 
because with a single gas injection of hydrogen, an 
unchanging hydrogen profile may be expected. In 
reality, a fairly constant hot zone concentration of 
9.2% between the distances 20 and 35 feet away from 
the furnace inlet is indeed observed. However both at 
the furnace inlet and exit, the hydrogen levels drop off. 
At the furnace inlet the hydrogen levels are measured 
to decrease to zero, while a similar drop to levels of 4% 
is seen at the exit end.

Figure 6. Predicted and experimentally measured 
hydrogen levels for the annealing furnace. The 
Nitraware1** computer program was used to obtain 
the model data

At the inlet end of the furnace, air ingress is 
occurring which allows the oxygen to enter the 
furnace and react with hydrogen to form moisture. 
This lowers both the hydrogen and oxygen level as 
shown in the figure. At the exit end, the nitrogen 
curtain dilutes the hydrogen level.

As shown the model captures the essential 
trends quite adequately.

Dew Point

With the lowering of the hydrogen flows near the 
furnace inlet due to the oxidation reaction, higher dew 
points are expected in this region. Figure 7 shows the 
experimentally predicted and calculated dew points 
observed in the furnace. As expected, the 
experimentally measured dew point is relatively high 
at the inlet (-6.7C or 20F) and decreases to near zero 
levels ( -74.2C or -102F) by about 22 feet.

The model also predicts a similar trend in the 
dew points, though the extent to which moisture is 
able to diffuse into the furnace is slightly 
underpredicted by the model.

From the results shown above, it is clear that 
developing models of a furnace is an effective way of 
optimizing the annealing process. While complex 
models using commercial CFD codes are very useful in 
modeling actual flow phenomena for complex 
geometries and flow combinations, useful information 
can also be gained by simplified furnace models as 
shown in this work. Flow rates and compositions 
required to obtain a desired atmosphere profile for 
optimized annealing can be conveniently obtained by 
anyone familiar with the furnace. No special modeling 
skills are required and the results can be obtained in 
real time for a vast majority of continuous furnaces.

The use of simplified easy-to-use models 
which work on a personal computer and give results in 
real-time make them a useful tool in routine 
troubleshooting Useful information can be obtained 
by simulating different scenarios in a cost effective 
manner. Experimentation on a real furnace, which is 
much more time consuming and expensive, can be 
minimized and technical and economic impact of 
different options used for process optimization more 
quickly evaluated.
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A SIMPLE PC-BASED MODEL FOR PREDICTING C/\RBOK PROFILES IN CONTINUOUS
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ABSTRACT

Furnace temperatures and atmospheres have tong been recognised as one of the most important 
factors in an industrial heat treating process. To create an atmosphere in a continuous furnace, several 
gases (or room temperature liquids) are used in the industry: nitrogen, hydrogen, exothermic and 
endothermic atmospheres, natural gas, propane, and methanol. What type of gas and how much should be 
used in the furnace is largely based on experience or on expensive trial and error based experiments. BOC 
Gases has developed a simplified, easy-to-use PC based model to facilitate the understanding, 
troubleshooting and design of atmosphere injection into heat treating furnaces and to minimise wasteful 
experimentation. As a first step, an earlier study described such a model which accounted for the role of 
nitrogen, hydrogen and water vapour in the heat treating process.

In this paper, the results of the extension of the mode! to include carbon bearing species is described. 
Fundamental conservation equations are solved to determine atmosphere profiles in a furnace for given 
compositions of gases injected. The reducing and carburising potentials of the gases, necessary to design 
any heat treating process, can be deduced using this model. The model can also be used to design and 
troubleshoot the atmosphere injection practice. Using model simulations, the critical process variables can 
he identified and the heat treating process optimised using a minimal number of experiments on the 
production floor, To validate the model, an Industrial sintering process was studied. The results of this 
model were Found to compare quite well with actual data obtained from a production sintering furnace.

I. INTRODUCTION

In a sintering furnace, the atmosphere in the furnace prevents air ingress and parts oxidation; helps 
flush away the binder from the parts; provides an Important mode of heat transfer; and can be used to 
control the carbon content of the part [1], In a batch furnace, having typically one or two gas injectors, 
the heat treating and gas utilisation cart be optimised by addressing two issues - minimising air leaks and 
providing atmosphere homogeneity by using fans. In a continuous furnace, however, atmosphere 
optimisation is more difficult. Furnace inlet and exit can act as sources of air ingress. The atmosphere 
requirements of different stages in sintering (binder removal powder oxide reduction, carbon diffusion, 
consolidation and cooling) differ. Achieving these atmospheres in different sections of rite open ended 
furnace is a relatively complex task. Methods such as atmosphere zoning and use of physical curtains and 
gas injectors have evolved with time [2], though ft is not clear how effective these techniques will be for a 
given sintering process. This increases the dependence of a parts manufacturer on atmosphere experts, 
usually industrial gases suppliers, wliich can delay routine troubleshooting.

While Computational Fluid Dynamics (CFD) based models can be used to study mass and heat 
transfer effects in a ilirnace, these tools remain highly specialised and labour and hardware intensive.



Consequently a simplified PC-based model was developed at BQC Gases, liie model is contained in the 
Nitraware1M computer programme, a proprietary* software developed by BOC Gases. This PC-based 
programme is user friendly and can be used on die production floor for routine troubleshooting^ ft avoids 
the drawbacks of the traditional FV and FEM cades and provides a useful tool to run what-it scenarios 
on a personal computer before experimenting with the real furnace. This model will also optimise any 
continuous heat treating furnace.

2, MODEL

2.1 Description
BOC Gases has developed a furnace model for modelling atmosphere and thermal profiles as a 

function of gases injected into the furnace and the furnace conditions. This ready-to-use model works on 
any Windows based personal computer (3S6 or up) and Microsoft Excel (Version 5.0) software. Any 
horizontal continuous furnace with a partially open inlet and outlet can be modelled. Injected gas can 
constitute any combination ot inert, reoucing- oxidising and carburising gas species. For this paper, the 
discussion Is restricted to the use of nitrogen, oxygen, water vapour, hydrogen, carbon dioxide, carbon 
monoxide and methane as components of the injected gas. Other carbon containing gas phase species, 
such as methanol propane, propylene, exothermic or endothermic atmospheres can also be used it the 
thermodynamic data of the gas are known. The model accounts for two physical curtains placed in the 
cooling zone of the furnace and adjustable door heights at the inlet and exit.

The equations solved are the simplified forms of the conservation equations for mass, momentum, 
enemy and species. While the maihematicnl description of these equations can be derived horn any 
classical text book on transport phenomena [6), the simplified balance equations in. a control volume can be 
quite conveniently described as:

Rate of accumulation - Rate of flow in - Rate of flow out + Rate of reaction (1)

Equation (1) can be applied for any quantity of interest. This equation is used to solve for energy, 
overall mass and momentum and individual gas phase species mole fractions. The continuous sintering 
furnace is considered to be in a steady state, i.e. die rate of accumulation of gas phase species is zero. The 
impact of transient conditions in the furnace, such as draughts in the vicinity, have been reported elsewhere 
[2]. Any carbon depositions winch may occur at a location in a furnace are balanced by dm flow of carbon 
bearing gas species (carbon monoxide, carbon dioxide and methane) to that location. Similarly, in the 
energy balance equation, external hearing and cooling of the furnace muffle result in the change of gas 
temperature. Conventionally used convection* conduction and radiation terms are used to describe the 
heat transfer.

The chemical reactions considered in the chemistry calculations arc

Tb + O2 2H20 (2)
CEL •+ 202 <=> C02+ 2H20 (3)
2CH4 + 02 <=> 2CO + 4Hj (4)
CO +■ H;0 <—> CO2 -b H? (5)
2CO <—> C02 + C (b)

Reactions (2)-(6) are assumed to reach equilibrium instantaneously, and no kinetic eilects are considered. 
This is a realistic assumption in the hot zone of the furnace, but maybe limiting elsewhere.

Using inputs of furnace process information, such as injected gas flows and composition, furnace 
dimensions, physical curtains - parameters which are typically available to any production engineer - the



furnace mode! solves continuity equations throughout the furnace Simplifying assumptions are made to 
make the programme solution converge in real time.

2.2 Model inputs
The furnace model requires inputs of: basic furnace dimensions; locations of different furnace zones; 

door heights, physical curtain locations: and hoi zone temperature settings. Gas injection information 
required is injector location, gas flow rate and inlet gas composition. If the injected gas comes from an 
external generator, such as an exothermic or endothermic generator, the starting fuel and air flow rates and 
the temperature at which the gas enters the furnace arc also required. The emphasis throughout the 
model’s construction has been to make it user-friendly.

2.3 Model outputs
The furnace model calculates the wall, gas and parts temperature, and resulting atmosphere profiles of 

oxygen, hydrogen, water vapour, carbon monoxide, carbon dioxide and methane as a function of distance 
from the parts inlet. This data is available in both numerical and graphical form. Since die software is in a 
spreadsheet format, values of Importance tor heat treating, such as carbon and oxygen potentials, can he 
calculated, if required, by simple manipulation of output data. Information such as the gas flowrates at the 
inlet and exit am also be calculated. The results from two different sets of conditions can be displayed on 
the same graph so that the sensitivity of the atmosphere profiles to a change in a particular parameter can 
easily be seen.

2.4 Optimise)*
The model described above predicts furnace profiles for a given set of input conditions. During 

production and process optimisation, it is often important to know what corrective action should be used 
to counter or avoid an existing condition. For instance, if air Is insressing from the parts inlet when using a 
specific set of gas flow rates and is causing oxidation, it h useful to know the least increase in gas flow that 
will keep the air out. The furnace model optimiser function can be used to determine what this flow rale 
should be Similarly, if a carbon potential, or a dew point to hydrogen ratio is entered, the model can be 
used to calculate the gas flows and composition required to achieve them.

3. EXPERIMENTATION

To verily the model, atmospheres were profiled in a lull scale production suitering furnace at a 
customer location. The furnace was used to sinter automotive gear wheels made from carbon-copper 
alloys. The furnace had a rectangular muffle 18220 mm long, 690 mm wide and 200 mm high and had six 
zones. The belt for conveying the parts was 635 mm wide. After the entrance end exhaust box, there was 
a 2745 mm delube section where the evaporated lubricant from the parts being preheated were burn! off 
using an exothermic-type high dew point atmosphere injected through a gas injector at the beginning of the 
section. This section was followed by a preheat zone where the temperature of the parts was raised to 
760°C. Tire parts next entered the hot zone where they were sintered at a temperature of 11G5C,C. 
Atmosphere from an endothermic generator was injected into the furnace using gas injectors just before 
and after the hot zone. Parts exiting the hot zone were cooled slowly in the two water cooled zones. In 
between the two zones was a "Varicool zone” where the gas was first taken out of the furnace, cooled 
externally in a gas-water heat exchanger, and then pumped and reinjected back into the furnace. This 
provided additional cooling. To direct the furnace atmospheres and to prevent air ingress from the back of 
the furnace two curtain boxes, one before and one after the second water cooling zone, were also 
prorided. Nitrogen was injected into these curtain boxes to further prevent air ingress. A schematic of 
tliis furnace, along with the gas injector locations, is shown in Figure 1. The gas flows and compositions 
are shown in Table 1.
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Figure 1 Schematic of a production sintering furnace used for model verification

Injector #
Gas flow

1 2 3 4

Nitrogen 0 2.85 nr/h 0 9 9 nr/h
Air 36.8 m'Th 0 32.45 mVh 0
Methane 4.8 nv/h 0 14 25 mVh
Temperature inlet 500=C !010°C lOKPC 30CC

Fable I Gas Inlet conditions used in the sintering furnace

To verify the modd, gas samples were taken at several locations inside the furnace and compared 
against observed data. Effort was taken to minimise the residence time of gas in the sampling tube to 
minimise any gas pliase reaction during sampling. It was calculated that the gas sample stayed in the 
sampling tube for no more than 1 second The sample was split into many streams and passed through an 
oxygen analyser (chemical cell. KOH type. Illinois Instalments), a dew-point meter (Panametncs). a 
hydrogen meter (thermal conductivity7 type. Teledyne Instruments) and an FR hydrocarbon analvser capable 
of measuring carbon monoxide, carbon dioxide and methane simultaneously (Siemens). Samples were 
taken at difierent locations within the furnace and reported as atmosphere profiles. At least 10 minutes 
were spent before the sampling tube was moved to another location in the furnace to ensure reproduribilitv 
of results Production was continued throughout the time that sampling was being carried out

Since the tiimace used a less common method of gas/parts cooling, the Varicool zone using an 
external cooling medium, the BOC model equations could not directly be used to describe the furnace 
cooling section. The pans thermal profile was taken and the temperature data directly entered into the 
BOC model as model input This eliminated the need to solve the equations for temperature and made 
solving the whole model quite efficient The ability of the BOC model to accurately predict the gas and 
part temperatures for conventional continuous furnaces, where the gases do not leave the furnace to be 
cooled, has been reported elsewhere [5] The measured thermal profile of the front part of the tiimace is 
shown in Figure 2.
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Figure 2 Furnace temperature profile

4. MODEL RESULTS

After entering the furnace dimensions, gas injector locations and injected gas temperatures, gas 
flowrates at different injectors were entered as volumetric flow rates of nitrogen, oxygen, methane The 
endothermic atmosphere injected into the hot zones and the exothermic atmosphere injected into the 
delube section were entered as equivalent flow rates of methane and air For example, the endothermic 
atmosphere generated for The hot zone was created by mixing 32 45 m Vh of air and 14 25 m Vh of methane 
in the endothermic generator These flow rates were directly entered into the model, and the model used 
to calculate the equivalent equilibrium composition

4.1 Hydrogen profile
The model and experimental profile in the sintering furnace is shown in Figure 3

The experimental data show that starting from the middle of the furnace, the hydrogen concentration 
remains relatively unchanged at 40% over a length of more than 10 m (between 4 and 14 m from the inlet 
of the furnace!. This concentration is that expected from an endothermic atmosphere These data show 
that the endothermic atmosphere is not significantly changed after being injected into the furnace Changes 
in the furnace temperature (say from 500CC in the preheat to about 1000-C in the hot zone) do not cause a 
change in the equilibrium compositions in reactions (2)-(5), even though the equilibrium constants are 
clearly temperature dependent . This is because the gases do not stay in the furnace long enough to react 
and cause a change in the concentration The model depicts this result well. The model also calculates 
that about 40 m Vh of the endothermic atmosphere is pushed towards the furnace inlet due to the physical 
curtains, while around 7 nrVh of the gases from the hot zone travel towards the furnace exit and out 
through the curtains

About 2.5 m from the inlet the concentration of hydrogen drops to about 17% The gases injected 
into the delube section are nearly that of an ideal exothermic atmosphere (approximately 9% carbon 
dioxide. 18% water vapour and balance nitrogen) and have very little free hydrogen. As such the mixing 
of the delube section gases (approximately 40 m'/h) with 40 m‘7h of endothermic atmosphere results in a 
halving of the hydrogen concentration to about 17% The model is able to predict this decline quite well.

The 7 nrf/h of the endothermic atmosphere leaving the furnace towards the exit end is not diluted with 
the injected nitrogen (injector # 4) until the first cunain box. This dilution also results in the decline of the 
hydrogen concentration to about 16% at a distance of about 16 m from the furnace inlet. The model also 
predicts this decline



While these results can be explained quite well by qualitative arguments as well, the ability of the 
model to accurately quantify the effect indicates its usefulness in optimising furnace and gas optimisation 
performance

Distance from Inlet, m
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« Eioenmerrt.il ■■ Modni

Figure 3. The hydrogen profile in the sintering furnace Figure 4 The carbon monoxide profile in the sintenng
furnace

4.2 Carbon monoxide profile
The experimentally measured and model predicted carbon monoxide profile in the tiimace is shown in 

Figure 4.

The carbon monoxide profile has the same trend as shown by the hydrogen profile except that at each 
location the carbon monoxide concentration is roughly half that of the hydrogen concentration In the 
middle of the furnace, from the end of the delube section (at 4 m from inlet) to the beginning of the first 
curtain box (where nitrogen is injected) the carbon monoxide is 20% of the gases, indicating an ideal 
endothermic atmosphere composition. The dilution of the atmosphere with gases from the delube section 
near the inlet, and that from the nitrogen in the curtain boxes, lowers the carbon monoxide composition to 
about 9° o and 8% respectively

4.3 Carbon dioxide profile

Distance from Inlet, m
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Figure 5. The carbon dioxide profile in the sintering furnace.

The carbon dioxide concentration profiles obtained experimentally and using the model are shown in 
Figure 5. I he carbon dioxide concentration stays at below 0.2% carbon dioxide throughout most of the 
tiimace The dilution of the endothermic gases in the delube section with carbon dioxide rich delube 
section gases causes the carbon dioxide in the first 4 m of the furnace to increase to about 23% at the inlet 
The model clearly shows this trend At the furnace exit, the nitrogen in the curtain box lowers the carbon



dioxide level as well (similar to the effect on carbon monoxide and hydrogen), bin the effect is not 
noticeable due to the low initial carbon dioxide concentrations

4.4 Water vapour profile
The experimental and model moisture results shown in Figure 6 are expressed in pans per million 

Considerable difficulty was encountered in sampling for moisture, especially when measuring the high dew
points near the furnace inlet. Low'er accuracy can be expected for the dew point results than when 
measuring the other components of the gas. Moisture contents in most of the furnace ranged between 
7000 and 15,000 ppm Near the inlet, the nearly complete oxidation of the air-fiiel mixture introduced for 
delubing results in water vapour concentration as high as 300,000 ppm (30%). The model predicts the 
same result.
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Figure 6. The carbon dioxide profile in the sintering furnace

4.5 Methane profile
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Figure 7. The methane profile in die sintering furnace

The methane concentration in an ideal endothermic atmosphere is 0 02%. As shown in Figure 6. the 
methane concentrations are between 0 01 and 0 2% throughout most of the furnace It is onlv in the 
detube section (0-4 m from the inlet) that the methane concentration rises to about 3% (according to the 
model) and 8% as measured experimentally. This effect is probably due to the presence of lubricant 
breakdown products in this zone which have a similar 1R signature to methane and are measured as such 
I he evolution of lubricant into the atmosphere was not taken into account in the model. This higher than 
expected methane also indicates that the assumption that the atmosphere is in equilibrium is not strictly 
valid in the case of the delube section



H
4.6 Oxygen profile

Tlte oxygen analyser was not responsive to changes hi the sample location. A reading of 3-4 ppm was 
round throughout the tiirnace, which is typically the lowest that can be read by the analyser used duo to 
zero error. The calculated oxygen profile throughout the furnace was about 10-100 ppb, which is dose to 
the numerical precision of the equation solution method. Future attempts at the measurenieiH of this 
profile should be carried out using an analyser with higher accuracy at the lower concentrations; for 
example a unit utilising a zirconia cell.

3. CONCLUSION

from the results shown above, it is clear that atmospheric components of importance to the sintering 
process (carbon monoxide, carbon dioxide, hydrogen, water vapour and methane) can be calculated using 
equilibrium and transport equations. Such a model gives a reasonably accurate estimate of the actual 
pj oillts in the furnace. I no profiles can be used directly to optimise the uas usage required to obtain the 
desired gas compositions. The information can also be directly utilised to calculate carbon and oxygen 
potetitials; information which can be used to control the carbon diffusion, binder burnout and surihee 
oxidation removal during the sintering process. Using increased computational speeds and advances in 
computing software available for modem PCs, these calculations can be done utilising easily available 
software (such as a spreadsheet) in real time. Troubleshooting can be done quickly and scenarios 
evaluated. An casy-tonisc interface, can allow such models to be used by production personnel in solving 
day-to-day problems without extensive training. 3

6. FURTHER WORK

It is possible to calculate the carbon potential profile of the furnace using equation (6). Tiiese data can 
then be applied to Pick's Law and the final carbon profile at a part's surface calculated. Although not 
relevant for sintered components these calculations will be added to rhe model for use in other heat 
treatment processes.
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Abstract

Continuous heat treatment furnaces are commonly used in industry for a wide range of 
treatments including sintering, brazing and annealing. However, the effect of internal and 
external factors on their performance is not well understood hr recent times tire power of 
computational fluid dynamics (CFD) has been brought to bear on tire problem resulting in many 
advances in furnace thermal and atmosphere visualisation.

Tliis paper describes some of tire irrsights gained particularly with reference to the use of such 
furnaces for sintering. Examples are given of tire effect of external factors such as draughts on 
tire integrity of tire furnace atmosphere; of tire use of CFD and related models to optimise 
atmosphere parameters; and of the effect of atmosphere and component parameters on their 
heating and cooling. Tire ways that these irrsights can be used by the process engineer to 
improve efficiency and quality are also discussed

Introduction

Many factors can influence the effectiveness of a controlled atmosphere continuous furnace. 
Some of these factors are within tire control of tire furnace operator, tire temperature profile, 
the atmosphere injection locations, tire atmosphere flow rates, the atmosphere composition, and 
tire design of tire external exhaust system. Some are less controllable; tire geometry and 
composition of tire components to be processed, tire ambient temperature and humidity, and tire 
draughts in tire building. Tire influence of these parameter on tire furnace performance have 
been examined using computational fluid dynamics, or simplified models based on its 
conclusions, and tire results checked, where possible, agairrst actual operational data in a 
production furnace. This paper reports tire results of these programmes and makes 
recommendations for optimisation of the parameters under tire operator's control based on tire 
conclusions drawn.

Draughts

It has been known for some time that care has to be taken to avoid air* currents in tire vicinity of 
a continuous furnace to ensure optimal performance.0 ’ Variation in tire quality of tire 
workpieces is often linked to changes in tire external conditions for example, ah* currents in tire



room, room temperature, winter/summer weather, or improper exhausting. The extent to which 
these external changes cause a change in the processing conditions inside a furnace has never 
been effectively quantified

Using CFD modelling it is possible to visualise the effect of continuous draughts on a curtained 
fumace.(2) A continuous furnace with curtains fitted was modelled with a pressure difference of 
0.038mm BO between the ends (equivalent to a draught of 1.4km/h on to the exit end of the 
furnace). Figure 1 shows that the effect of the draught was not severe, with the high integnty 
atmosphere zone shifting only some 300mm in the direction of the draught A similar result was 
obtained when the severity of the draught was almost doubled to the equivalent of 2km/h, 
except that more oxygen penetrated the second set of curtains. Experimental data from a 
production sintering furnace showed the same trends as those predicted by the model.
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Figure 1. The effect of a small continuous draught

Similar models at different flow rates were able to show that a furnace employing the minimum 
flow necessary to exclude air under static conditions is quite prone to the effects of external air 
currents. By increasing the inert gas flow rate, the furnace becomes more resistant to these 
currents. There results also explain why similar furnaces placed at different locations require 
different flow rates in order to keep the furnace oxygen free. A flow increase of up to 50% 
may be necessary to maintain furnace integrity in a very draughty location.



The most common air currents encountered in any building are transient, i.e. they arise and 
subside within a matter of a few seconds in response to, for example, doors opening and 
closing. If the furnace is subjected to a relatively large transient draught for 2 seconds, the 
change in the oxygen profile inside the furnace is dramatic. Figure 2 shows the effect of such a 
draught on the predicted oxygen profile inside the furnace. The pressure at the inlet end 
changes from zero to 5mm HO (16km/h) in 0.5 seconds, lasts for 1 second and dies down to 
zero in the last 0.5 seconds of the 2 second cycle. The model predicts that the oxygen 
atmosphere is destroyed throughout the furnace within 3 seconds due to air ingress from the 
inlet, and it is only after 70 seconds or so that the oxygen levels are reduced to their initial 
values.
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Figure 2. The effect of a moderate transient draught.

The simulations showing the effect of the transient surges indicate that a furnace is more resistant 
to transient surges than to steady-state long-lived pressure differences between the inlet and 
exit For most minor drafts, air ingress affects only the first 500mm or so of the furnace. These 
effects subside in a matter of a few seconds and are hard to detect using standard oxygen 
measurement techniques. Such effects also contribute to the larger errors in gas analysis from 
samples taken in the vicinity of the furnace openings. As has been demonstrated above, with 
unusually large air currents furnace atmospheres can be totally destroyed

Atmospheres



The atmosphere in a sintering furnace prevents air ingress and component oxidation, helps flush 
away the binder from the components, provides an important mode of heat transfer and can 
afTect the carbon content of the component(3) In a continuous furnace atmosphere optimisation 
can be difficult. Both furnace inlet and exit can act as sources of air ingress and the atmosphere 
requirements of different stages in sintering (binder removal, powder oxide reduction, carbon 
diffusion, consolidation and cooling) differ. Achieving these atmospheres in different sections of 
the open ended furnace is a relatively complex task. Methods such as atmosphere zoning and 
use of physical curtains and directional gas injectors have evolved with time, though it is not 
clear how effective these techniques will be for a given sintering process.

Although it is possible to understand and visualise gas flow behaviour using CFD,(4) it cannot be 
used for routine troubleshooting. This is because codes are quite expensive to lease and require 
an expert in CFD to use them Using a fast modem workstation, the model of a furnace requires 
several hours to set up and several more to converge with an answer. Even then they cannot be 
used to optimise results except by trial and error in the inputs requiring further tedious 
processing.(5)

Consequently a simplified furnace model was sought The model developed by BOC Gases is 
contained in Nitraware™, a proprietary software. This programme is PC-based and user 
friendly and can be used on the production floor for routine troubleshooting. It avoids the 
drawbacks of the more elaborate CFD codes and provides a useful tool to run “what-if’ 
scenarios on a personal computer before experimenting with the real furnace.

In the first example the simplified model is used to modify the atmosphere profile within a 
sintering furnace (Figure 3) to eliminate the escape of flammable levels of hydrogen from the exit 
end of the furnace. (6) Initially the all the hydrogen and the majority of the nitrogen were 
introduced to the furnace through injector 4 with die remaining nitrogen divided between the 
remaining injectors. The result was a fairiy uniform hydrogen level with a maximum of 47% in 
the hot zone and a minimum of 30% at the entry.

GAS INJECTORS

CURTAINS

Figure 3. Schematic of a sintering furnace.



A first step towards the objective was to redistribute the nitrogen to increase the flow through 
injector 6. The result from the model showed a significant decrease in the hydrogen at the exit 
which was verified in practice (Figure 4). The second step was to introduce additional nitrogen 
through injector 5. The model now showed an acceptable level of hydrogen at the exit which 
was again verified in practice (Figure 5).
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Figure 4. The first step in reducing the hydrogen level at the exit
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Figure 5. The second step with additional nitrogen through injector 5.

In a second example the Nitraware model was used to predict the rise in dew point at the entry 
of an annealing furnace that was under-gassed resulting in air ingress.(7) Higher dew points were 
expected near the furnace inlet due to the reaction of the furnace hydrogen with the ingressing 
air. Figure 6 shows the experimentally predicted and calculated dew points in the furnace. The 
measured dew point is relatively high at the inlet (-7°C) and decreases to very low levels ( - 
74°C) about 22 feet from the entry. The model also predicts a similar trend in the dew points, 
though the extent to which moisture is able to diffuse into the furnace is slightly under-predicted 
by the model.
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Figure 6. Predicted and experimentally measured dew point levels for the annealing furnace. 
The Nitraware™ computer program was used to obtain the model data



In many sintering operations the carbon potential in the furnace is an important parameter. The 
latest available version of Nitraware allows the user to predict carbon potential profiles in 
continuous fumaces.(8) To show the flexibility of the software the caibon dioxide and carbon 
monoxide profiles for a sintering furnace using endothermically generated gas in the hot zone and 
exothermically generated gas in the delube zone are shown in Figures 7 and 8. The carbon 
potential profile calculated from these data is shown in Figure 9.
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Figure 7. The carbon dioxide profile of a sintering furnace
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Figure 8. The carbon monoxide profile of a sintering furnace
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Figure 9. Calculated carbon potential from the model

The use in this way of the simplified Nitraware model can give useful results in real-time making 
it an effective tool in routine troubleshooting. Experimentation on a real furnace can be 
minimised whilst checking the maximum number of scenarios. In this way the performance of 
the atmosphere in each zone of the furnace can be optimised to achieve the required result at 
minimum cost

Temperatures

Component temperature and its thermal profile has been recognised as one of the most 
important factors in the sintering process 0’ Too high of a temperature during the initial part of 
the sintering cycle can cause premature release of the binder and increased porosity. If the 
component is exposed to temperatures above liquidus too long, uneven shrinkage and changed 
geometry can result. During the cooling part of the cycle, the temperature has to be such that 
re-oxidation or sooting is avoided

A continuous sintering furnace may have a limited number of heating zones each of a set length. 
There are also usually between 2 and 4 cooling zones. Different furnace sections may have 
different thermal characteristics due to differences in insulation or cooling media The furnace is 
usually designed for a certain load and ‘expected’ temperature profile. As the production 
schedule changes ( types of components used, shape and size, binder type, atmosphere, 
production rate ) there can be a difference between what is desired and what is actually 
achieved While most production engineers have the experience to know what temperature 
settings are needed in order to get the desired profile, there is still uncertainty as to how much 
the process changes affect the thermal profile the component observes. For instance, it is 
expected that increasing the belt speed changes the components’ temperature, quantifying that



change and whether it is significant is not easy. Several trials with components may be required 

to determine the limits of the operation.

CFD can help to gain insights into the effect of changing the external parameters on the heating 
and cooling of the components. However, for the reasons given above it cannot be used for 
solving day to day production problems so BOC Gases extended to scope of its Nitraware

(9)software to include component temperature.
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Figure 10a. Model and experimental predictions of surface temperatures in parts 1.75 inch 
high with belt speed of 6 inches/min.

One example of its use is to predict the change in thermal profile that results from increasing 
mass of the component As shown in Figures 10a and 10b, lowering the component s height 
(and hence weight) from 1.25 inches to 0.25 inches increases the peak surface temperatures 
from 1900°F to over 2000°F. Also, the component’s exit temperatures decrease dramatically 
from 500° F to below 150°F. In both cases the model closely reflects experimental reality.
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Figure 10b. Model and experimental predictions of surface temperatures in parts 0.25 inch 
high with belt speed of 6 inches/min.

The study concluded that component temperature is a strong function of component geometry 
and weight. Increasing the component weight or size causes a delay in the component core 
reaching the desired temperature, which has to be compensated by additional heating or 
increased residence times. Increasing the belt speed has the same effect as decreasing the 
residence time, it causes the core to lag behind surface considerably. When the production rate 
is increased by increasing the belt speed, the component may not be able to achieve a uniform 
thermal profile.

In a continuous sintering furnace, the heating zones are dominated by radiation, but convection 
becomes increasing dominating at colder temperatures. Hence the gas composition can 
significantly affect the cooling of the components but is less likely to affect the heat up rate. Gas 
injection with direct impingement can cause local cooling of the component in the vicinity of the 
injector. This may have an impact in affecting component quality especially when carbonaceous 
gases are being used which can cause sooting over the components. Alternately, this 
phenomena can be used to cool the components additionally if required

Overall Conclusions

While CFD modelling can give useful insights into the way furnaces perform, the use of 
simplified, easy-to-use models which work on a personal computer and give results in real-time 
make them a more practical tool in routine troubleshooting. Practically applicable information 
can be obtained in a cost effective manner by simulating different scenarios. Expenmentation on 
a real furnace, which is much more time consuming and expensive, can be minimised and



technical and economic inpact of different options used for process optimisation more quickly
evaluated
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Modelling furnace brazing and soldering atmospheres 

PF Stratton, N Saxena and M Huggahalli - BOC Gases

Abstract

The important role of protective atmospheres during the processing of furnace brazed assemblies 
was established at the inception of the technology. Since that time several studies have been 
carried out to determine how the optimum atmosphere conditions can be established for a given 
product by using different gas injectors and varying atmosphere flow rate and composition. The 
most common approach taken to gain insight into furnace atmospheres has been to use 
commercial computational fluid dynamics codes and examples of their use are shown. However, 
the complexity of these codes, their cost and computational requirements limit their usability in 
solving day-to-day problems encountered during production.

In this paper, a simplified, PC-based model of a furnace atmosphere is described where the 
conservation equations are solved to determine the composition profiles in the furnace resulting 
from the introduction of given atmosphere gases. The results from this model are compared with 
those from production furnaces. The application of the model to the understanding of existing 
furnace conditions and to determining ways of optimising the use of gases are discussed.

1 Introduction

The atmosphere in the furnace prevents air ingress and 
parts oxidation, helps flush away any binder from braze 
pastes and provides an important mode of heat transfer 
[1], In a batch furnace having typically one or two gas 
injectors, the gas utilisation and brazing process can 
be optimised by minimising air leaks and providing 
atmosphere homogeneity by using fans or other 
atmosphere circulation techniques. In a continuous 
furnace, however, atmosphere optimisation is more 
difficult. Furnace inlet and exit can act as sources of 
air ingress. The atmosphere requirements of different 
stages in brazing; binder removal, surface preparation, 
joint formation and cooling differ [2]. Achieving these 
atmospheres in different sections of the open-ended 
furnace is a relatively complex task. Methods such as 
atmosphere zoning and the use of physical curtains 
and gas injectors have evolved with time, though it is 
not clear how effective these techniques will be for a 
given brazing furnace and process. Experts in the field 
tend to rely on experience and rules-of-thumb rather 
than scientific method to achieve the required results.

2 Computational fluid dynamics (CFD)

One way to understand and visualise gas flow behaviour 
is by using CFD [3], In this technique the furnace is 
divided into several tens or hundreds of thousands of 
microvolumes (or finite elements) and the equations of 
mass, momentum and energy are solved iteratively to 
determine temperatures, gas velocities and 
composition at different locations in the furnace. The 
model may take several hours of computing time to

produce the solution. In one recent example A D 
Romig Jr of Scandia National Laboratories, USA 
reported that one model of soldering a chip package to 
a board used their three terraflop machine and still took 
51 hours of CPU time [4],

went
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Figure 1. Schematic of a wave soldering machine

This first example addresses the problem of reducing 
flows in inerted wave soldering machines (Figure 1). 
These have a slope of about 7 degrees from entry to 
exit so that the exit opening is higher than the entrance 
opening forming a natural chimney. Thus relatively high 
flows are required to inert it even when the inerted 
tunnel is well designed. Figure 2 shows the outline and 
flow velocities and oxygen levels for a typical nitrogen 
inerted wave soldering machine. The strong chimney 
effect induced by heating over the solder pot pulled 
leakage air in at the entrance resulting in oxygen levels 
of over 1000 ppm. These high oxygen levels were not 
reduced by the use of higher flows.
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Figure 2. The nitrogen concentration and flow profiles 
for a typical inerted wave soldering machine.

There are obvious design changes that can reduce the 
required nitrogen flows but to carry the out the various 
options in practice can be expensive and time 
consuming. Flow modelling showed that when the flows 
were raised to counter the chimney effect, air was 
entrained at the lower lip of the exit end. The muffle 
design did not allow for good performance. By 
increasing the exit end tunnel as shown in Figure 3 the 
tendency to entrain air at the exit was reduced. The 
wave machine could now be optimised and oxygen 
levels of better than 10 ppm were achieved at 20% 
lower flows than originally used to get 1000-2000 ppm.

and schematic shown in Figure 4, was set-up so that 
most of the flow was introduced into the hot zone via 
injector 2 with the remainder going into the cooling 
zone via injectors 3 and 4. The atmosphere profile with 
regard to dew point is the most critical factor in the 
determination of effective brazing.

Figure 4. Schematic and temperature profile of the 
production brazing furnace.

Figure 5. The water concentration (volume fraction) 
profile modelled by CFD

Distance from entry (ft)

-40

Actual

Figure 6. A comparison of the predicted and actual 
dew point profiles.

Figure 3. The nitrogen concentration and flow profiles 
for the modified inerted wave soldering machine.

In the second example the problem is a furnace which 
is copper brazing steel that is producing poor quality 
brazed product. The furnace, with the thermal profile

It is now possible by adding reaction chemistry to the 
CFD programme used, to combine the tasks of 
computing the distribution of the various elements 
involved in the furnace atmosphere and the reactions 
between the species present. When the model was 
run using commercially pure gases as the inputs the
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minimum dew point was much lower than that achieved 
in any part of the furnace. This is because most 
furnaces have small leaks. To account for these leaks 
a small amount of air was added to the input gases as 
the exact position of the leaks was not known. The 
output of the model for the distribution of water vapour 
is shown in Figure 5. The dew point along the centre 
line of the furnace is compared to the measured data in 
Figure 6.

It can clearly be seen that the results from the model 
and those obtained in practice are a long way apart 
even after modifications to the model to allow for leaks. 
The model underestimates the ingress of air through 
the entry curtains and overestimates the ingress 
through the exit curtains. These discrepancies have 
been put down to the difficulty of modelling the curtains 
themselves. There are two types of resistance to fluid 
flow: inertial resistance is the resistance offered by the 
inertia of another medium (either solid or fluid) that 
physically impedes the flow of the fluid. Viscous 
resistance is caused by transfer of momentum from 
faster layers to slower layers in the same fluid. As we 
are talking about layers, this naturally implies that the 
flow is either laminar or in transition to turbulent flow. 
Physical curtains are usually approximated as 
perforated regions, with the perforations being 
represented as slits. Flow through perforated regions is 
usually turbulent. Because of the types of curtain used 
on this furnace they were modelled to offer both inertial 
and viscous resistance i.e. transition flow. This made 
the model reflect reality better but was still a long way 
from the truth, showing once more that the only good 
model is a validated model.

A simpler technique based on a combination of CFD 
and field trials was therefore applied.

3 Simple model

While it is very useful, CFD modelling cannot be used 
for routine troubleshooting because:-

(i) most CFD codes are quite expensive to 
lease and require a fast workstation and 
an expert in CFD to operate them,

(ii) the CFD model of a furnace typically 
requires several hours to set up and a 
few hours to produce an answer,

(iii) CFD codes cannot be used to optimise 
except by trial and error in the inputs [5] 
and

(iv) for CDF to be effective the boundary 
conditions need to be known.

BOC Gases therefore decided to develop a simpler 
model that could be run on a personal computer to

overcome these problems. The model is contained in 
the Nitraware™ furnace modelling programme, a 
proprietary software developed by BOC Gases’ 
specialist modelling team. This program is user 
friendly and can be used on the production floor for 
routine troubleshooting. It avoids the drawbacks of the 
more elaborate CFD codes and provides a useful tool to 
run “what-if scenarios on a personal computer before 
experimenting with the real furnace.

The model can be used to produce furnace atmosphere 
and thermal profiles as a function of gases injected into 
the furnace and the furnace conditions. Any continuous 
furnace with an inlet and outlet containing up to seven 
heating and cooling zones can be modelled. The 
furnace model is currently capable of accounting for up 
to six gas injectors present in the furnace. Injected gas 
can constitute any combination of inert, reducing or 
oxidising gas species. For this paper, the discussion 
is restricted to the use of nitrogen, hydrogen, water 
vapour and oxygen as components of the injected gas 
although the model can handle carbon containing 
gases as well. The model accounts for two physical 
curtains placed in the cooling zone of the furnace and 
adjustable door heights at the parts inlet and outlet.

The furnace model requires input of basic furnace 
information which normally is readily available to an 
engineer on the production floor - physical dimensions 
of the furnace; the door heights at the parts inlet and 
exit; and temperature settings in the various zones of 
the furnace. The program also requires input of the 
number of gas injectors that are present in the furnace, 
their location and flow rate and composition of gas 
injected. The type of gas injector can also be 
described if necessary. Finally, the model needs the 
location of each of the two physical curtains present in 
the furnace.

The furnace model calculates the wall, gas and parts 
temperature, and the resulting atmosphere profiles of 
hydrogen, oxygen and water vapour (shown as dew 
point) as a function of distance from the parts inlet. 
This data is available in both numerical and graphical 
format. Information such as the gas flow rates at the 
inlet and exits can also be calculated. The differences 
between two different settings can be graphically 
examined simultaneously to determine the sensitivity of 
the atmosphere profiles to a change in a particular flow 
setting. Previous studies applying this model to 
furnaces of constant cross section have shown a close 
correlation between the model and practice [6],

Having failed to achieve a good correlation between the 
CFD model and reality the simple model was applied 
with the results shown in Figure 7. The simplified
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model still under predicted the ingress of air at the 
entry end of the furnace probably because of the large 
change in furnace cross section that the model was not 
designed to cope with. However, it was now possible 
to try various strategies for modifying the gas 
distribution. It was found that increasing the gas flow 
could substantially improve the furnace conditions but 
this strategy was rejected on economic grounds. 
Some nitrogen, equivalent to approximately 4% of 
overall flow was introduced into the ends of the furnace 
(injectors 1 and 5) to produce Nitrazone™ barriers and 
the balance of flow between injectors 2 and 3 
equalised. The model predicted that this distribution 
would result in lower dew points at the front of the 
furnace. The prediction for this modified flow 
distribution is compared with the results obtained in 
practice in Figure 8. In practice the improvement 
produced was sufficient to overcome the poor brazing 
problem.
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Figure 7. Comparison of model output and actual 
practice for initial flow distribution.

4 So
Easy HoiZoo- Caatin(Zda«

Figure 8. Comparison of model output and actual 
practice for modified flow distribution.

In a second example of the application of Nitraware a 
16.15m (53feet) long, 0.46m (18inches) wide mesh belt 
furnace that had problems with excessive belt 
degradation was modelled. The type of degradation 
encountered, often known as belt “welding”, is caused 
by oxidation of the belt followed by reduction further into 
the furnace. The model indicated that the conditions in 
the furnace should have been quite satisfactory. 
However, when the modelled results were compared 
with the actual atmosphere analysis (Figure 9) there 
was an obvious discrepancy in that the predicted dew 
point at the furnace entry was much higher than that 
the measured value.
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Figure 9a. The initial modelled hydrogen profile 
compared to the actual analysis
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Figure 9b. The initial modelled dew point profile 
compared to the actual analysis

By trial and error, running the various possible 
scenarios, such as wet hydrogen (in this case derived 
from an ammonia cracker), water leaks and air leaks, 
through the model it proved possible to recreate the 
actual results in one way. If an addition of a 0.8m3/h 
(30scfh) air leak to the middle of the hot zone 
reproduced the atmosphere analysis found in practice 
and produced the oxidising/reducing conditions that 
would account for the problems with the belt (Figure 
10). Subsequent investigation analysing for oxygen 
with the furnace containing nitrogen air detected a large 
leak 4.6m (15feet) from the furnace entry as predicted 
by the model and a smaller leak at the hot zone/cooling 
zone interface. Curing the leaks did not fully cure the

4



belt degradation problem but it did enable the furnace to 
produce better product.

•10 r

Figure 10. The modelled dew point profile with a small 
leak in the hot zone compared to the actual analysis

4 Conclusion

From the results shown above, it is clear that 
developing models of a furnace is an effective way of 
optimising the brazing process. While complex models 
using commercial CFD codes are very useful in 
modelling actual flow phenomena for complex 
geometries and flow combinations, useful information 
can also be gained by simplified furnace models as 
shown in this work. Flow rates and compositions 
required to obtain a desired atmosphere profile for 
optimised brazing can be conveniently obtained by 
anyone familiar with the furnace. No special modelling 
skills are required and the results can be obtained in 
real time for a vast majority of continuous furnaces.

The use of simplified easy-to-use models that work on 
a personal computer and give results in real-time make 
them a useful tool in routine troubleshooting. Useful 
information can be obtained by simulating different 
scenarios in a cost effective manner. Experimentation 
on a real furnace, which is much more time consuming 
and expensive, can be minimised and the technical and 
economic impact of different options used for process 
optimisation more quickly evaluated.
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ABSTRACT

Furnace temperatures and atmospheres are the most important factor's in an industrial heat treating 
processes. To create die atmosphere in a continuous furnace, several gases are used, either* singly or as 
mixtures. Winch gas or gases and how much of each should be used in the furnace are largely based on 
experience or on expensive trial and error experiments. BOC Gases has developed a simplified, easy-to- 
use internet-based model to facilitate the understanding, troubleshooting and design of atmosphere injection 
into heat treating fiunaces and to minimise wasteful experimentation.

The model takes into account die role of oxygen, nitrogen, hydrogen, metiiane, carbon monoxide, carbon 
dioxide and water vapoiu* in die heat treating process. Fundamental energy and mass conservation 
equations are solved to determine atmosphere profiles in a furnace for given compositions of gases 
injected Tire reducing and carburising potentials of the gases, necessary to design any heat treating 
process, can be deduced using this model. Hie model can also be used to design and troubleshoot the 
atmosphere injection practice. Using model simulations, die critical process variables can be identified and 
the heat treating process optimised with the use of a minimal number of experiments on die production 
fioor. Examples of die use of the model in industrial troubleshooting situations are given.

KEYWORDS: Atmospheres, Continuous finnaces, Modelling, Composition profiles, Troubleshooting

INTRODUCTION

The atmosphere in die furnace prevents air ingress and parts oxidation, helps to flush away unwanted 
residues from binders in sintering and brazing and provides an important mode of heat transfer [1]. In a 
typical batch finnace with one or two gas injectors, the gas utilisation and brazing process can be optimised 
by minimising air* leaks and using fans or other atmosphere circulation techniques to keep die atmosphere 
homogeneous. In a continuous furnace, however, atmosphere optimisation is more difficult. Air can get in 
flirough die fianace inlet and exit Successive stages of processing - heating, soaking and cooling - require 
different atmospheres [2]. To supply these atmospheres in different sections of die open-ended furnace is a 
relatively complex task. Methods such as atmosphere zoning and use of physical curtains and gas injectors 
have evolved with time, fliough it is hard to predict how effective these techniques will be for a given 
fianace and process. Experts in the field tend to rely on experience and rides of fliumb rather fiian scientific 
metiiod to get die results they want



Models based on Computational Fluid Dynamics (CFD) can be used to study mass and heat transfer 
effects in a furnace, but they remain highly specialised tools that are labour and hardware intensive. To 
avoid these problems, BOC has developed a simplified internet-based model. The model is contained in 
the Nitraware™ computer program, proprietary software developed by BOC. This internet-based 
program is user-friendly and can be used by BOC engineers on tire production floor for commissioning and 
routine tr oubleshooting. It avoids the drawbacks of the traditional FV and FEM codes and can run “what- 
if ’ scenarios on a personal computer before experimenting with the real fimrace. This model will also 
optimise any continuous heat treating furnace.

MODEL

DESCRIPTION BOC has developed a model that predicts atmosphere and thermal profiles as a 
function of gases injected into tire furnace and tire furnace conditions. Hie original version of the model 
used a bespoke Forhan core calculating engine with a Microsoft Excel flont end This calculating engine 
was later replaced by commercial^ available Hysys software accessed via the internet and located on a 
BOC server, which is more robust in dealing with complex chenristry. Any horizontal continuous furnace 
with a partially open inlet and outlet can be modelled Tire gas injected can be any combination of inert, 
reducing, oxidising and carburising gas species. This paper limits the discussion to nitrogen, oxygen, water 
vapour, hydrogen, carbon dioxide, carbon monoxide and methane as components of tire injected gas. 
Other gases containing carbon, such as methanol, propane, propylene, exothermic or endothermic 
atmospheres can also be modelled if the thermodynamic data of the gaseous phase are known. The model 
takes into account two physical curtains placed in tire cooling zone of tire furnace and adjustable door 
heights at tire inlet and exit

The equations solved are the simplified forms of tire conservation equations for mass, momentum, energy 
and species. While the full mathematical description of these equations can be found in any classical text 
book on transport phenomena [3], the simplified balance equations in a control volume can be quite 
conveniently described as:

Rate of accumulation=Rate of flow in - Rate of flow out+Rate of reaction (1)

Equation (1) can be applied to determine any quantity of interest, it is used to solve for energy, overall mass 
and momentum and mole fractions of individual gas phase species. The continuous sintering furnace is 
considered to be in a steady state, i.e, tire rate of accumulation of gas phase species is zero. The impact of 
transient conditions in lire fimrace, such as draughts in tire vicinity, have been reported elsewhere [4], Any 
carbon sinks that may arise at a point in a fimrace are balanced by tire flow of gases containing carbon 
(carbon monoxide, carbon dioxide and methane) to that location. Similarly, in the energy balance equation, 
external heating and cooling of the furnace muffle change tire temperature of the gas. Conventional 
convection, conduction and radiation terms are used to describe this heat transfer.

Tire chemical reactions considered in the calculations are:

m2 + o2 <— 2H20 (2)
CH4+2O2 <==> C02+ 2H20 (3)
2CH4+O2 <==> 2CO + 4H2 (4)
CO + H2O <==:> co2+h2 (5)
2CO <==> CO2 + C (6)



Reactions (2) - (6) are assumed to reach equilibrium instantaneously, and no kinetic effects are considered 
This assumption is realistic in the hot zone of the furnace, but maybe limiting elsewhere.

Using inputs of furnace process information which are generally available to any production engineer - such 
as injected gas flows and composition, furnace dimensions, physical curtains - the furnace model solves 
continuity equations throughout the furnace. Simplifying assumptions are made so that the program solution 
converges in real time.

MODEL INPUTS The furnace model requires the following inputs: basic furnace dimensions; locations of 
different furnace zones; door heights; locations of physical curtains, and hot zone temperature settings. 
Information required on gas injection covers injector location, gas flow rate and inlet gas composition. If the 
injected gas comes from an external exothermic or endothermic generator, the starting fuel and air flow 
rates and the temperature at which the gas enters the furnace are also required The emphasis throughout 
construction of the model has been to make it simple to use.

MODEL OUTPUTS The furnace model calculates the temperature of walls, gas and parts being treated, 
and the resulting atmosphere profiles of oxygen, hydrogen, water vapour, carbon monoxide, carbon 
dioxide and methane, as a function of distance from the parts inlet These data can be presented in both 
numerical and graphical forms. Because the software is in a spreadsheet format important values for heat 
treating, such as carbon and oxygen potential, can be calculated, if required, by simple manipulation of 
output data. The gas flow rates at tire inlet and exit can also be calculated Results from two different sets 
of conditions can be displayed on the same graph so that the sensitivity of the atmosphere profiles to a 
change in a given parameter can easily be assessed.

VALIDATION

The application of Nitraware™ has been validated in three examples. The first is a 16.15m (53feet) long, 
0.46m (ISinches) wide mesh belt furnace that had problems with excessive belt degradation. The type of 
degradation encountered, often known as belt “welding", is caused by oxidation of the belt followed by 
reduction farther into the furnace.
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Fig. la The initial modelled hydrogen profile compared to the actual analysis

The model indicated that conditions in the furnace ought to have been quite satisfactory. However, when 
the modelled results were compared with the actual atmosphere analysis (Figure 1) there was one obvious 
discrepancy. The predicted dew point at the furnace entry was much higher than the measured value.
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Fig. lb The initial modelled dew point profile compared to the actual analysis
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Fig. 2. The modelled dew point profile with a small leak in the hot zone compared to the actual analysis

By running the various possible scenarios, such as wet hydrogen (in this case derived from an ammonia 
cracker), water leaks and air leaks, through the model it proved possible to recreate the actual results in 
one way. An addition of a 0.8m3/h (30scfh) air leak to the middle of the hot zone reproduced the 
atmosphere analysis found in practice and also gave the oxidisingfreducing conditions that would account



for the problems with the belt (Figure 2). Subsequent investigation analysing for oxygen with the furnace 
containing nitrogen detected a large air leak 4.6m (15feet) from the furnace entry as predicted by the 
model, and a smaller leak at the hot zone/cooling zone interface. Curing the leaks did not cure the belt 
degradation problem completely but it enabled the furnace to produce a better product

In this second example a large roller hearth furnace is annealing steel tubes under an atmosphere of dried 
exothermically generated gas. The quality of the tube produced was unsatisfactory, with blue and black 
oxidation. The furnace, which is 1220 mm (4 feet) wide, and its atmosphere inlet points, are shown 
diagrammatically in Figure 3.

Charge Hot zone Transition cooling
zone inlet inlet zone inlet

^ Hot K t
1____________

zone Cooling zone

1830 mm 10515 mm

— ----------------------------------^ 11 1 !
23015 mm

1350 mm

Fig. 3. Schematic of roller hearth furnace

The stripped and dried exothermically generated gas in use initially contained 4.25% hydrogen and had a 
dew point of- 30 °C. The atmosphere distribution in the furnace was originally set up with the flow almost 
evenly split between the charge zone inlet and the hot zone inlet However, because of leaks in the furnace 
structure and through the entry and exit, the dew point was degraded to +21°C at the front of the hot zone 
and + 3°C in the cooling zone. The result was black oxidised tube. It was not possible in the short term to 
make repairs to the furnace necessary to significantly increase the flow and reduce the effect of air ingress. 
Instead a “quick fix” was sought to improve product quality in the short term. It was therefore decided to 
inject additional hydrogen into the critical areas - the hot zone inlet and the transition cooling zone inlet - to 
boost the hydrogen to water ratio. Modelling the original set-up, including sufficient leaks to obtain the 
measured dew points, and that with the added hydrogen with Nitraware™ gave the results in Figure 4.

The model suggested that the increased hydrogen levels in the selected areas would improve the hydrogen- 
to-water ratio to 3 in the hot zone and 15 in the cooling zone. This should have been sufficient to obtain 
good products. In practice although the quality of die product was improved sufficiently to meet the quality 
target, some high temperature oxidation still look place in the hot zone probably due to the effect of 
localised leaks.
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Fig. 4 Hydrogen profiles before and after hydrogen addition

In the final example the Nitraware™ model is used to modify the atmosphere profile within a sintering 
furnace (Figure 5) to eliminate the escape of flammable levels of hydrogen from the exit end of the furnace 
This was causing oxidative colouring of the parts as it was bumt-ofE Initially all the hydrogen and most of 
the nitrogen were introduced to the furnace through injector 4, with the remaining nitrogen divided between 
the remaining injectors. The result was a fairly uniform level of hydrogen, with a maximum of 47 % in the 
hot zone and a minimum of 30 % at the entry.

GAS INJECTORS

Figure 5. Schematic of a sintering furnace

A first step towards the objective was to redistribute the nitrogen to increase the flow through injector 6. 
The result from the model suggested a significant decrease in the hydrogen at the exit, which was verified in 
practice (Figure 6). The second step was to introduce extra nitrogen through injector 5. The model now 
showed a low level of hydrogen at the exit that was again verified in practice (Figure 7) and met die 
objective of a non-flammable exit gas.
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Fig. 6 The first step in reducing the hydrogen level at the exit
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Fig. 7 The second step with additional nitrogen through injector 5



CONCLUSION

The results described above show clearly that developing models of a furnace is an effective way to 
troubleshoot the processes canied out in them. While complex models using commercial CFD codes are 
very useful in modelling actual flow phenomena for complex geometries and flow combinations, useful 
information can also be gained from simplified furnace models. Flow rates and compositions required to 
obtain a desired atmosphere profile for optimised processing can be conveniently obtained by anyone 
familiar with fire furnace. No special modelling skills are required and the results can be obtained in real 
time for a vast majority of continuous furnaces. Useful information can be obtained in a cost effective 
manner by simulating different scenarios. Experimentation on a real fimrace, which is much more time 
consuming and expensive, can be minimised and the technical and economic impact of different options 
used for process optimisation more quickly evaluated
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THE LIMITATIONS OF CFD MODELLING FOR FURNACE ATMOSPHERE
TROUBLESHOOTING

PF Stratton*, N Saxena+ and M Huggahalli+

*BOC, European Development Centre, Rotlier Valley Way, Holbrook, Sheffield, UK 
+BOC, Group Teclinical Centre, 100 Mountain Avenue, Murray Hill, NJ

Abstract

Several studies have been earned out to determine how the optimum atmosphere conditions in the heat 
treatment of metals can be established for a given product by using different gas injectors and varying 
atmosphere flow rate and composition. The most common approach taken to gain insight into furnace 
atmospheres has been to use commercial computational fluid dynamics codes and examples of their use 
ar e shown However, the complexity of these codes, the difficulty in establishing boundary conditions, 
their cost and computational demands limit their usability in solving day-to-day production problems.

A simplified, web-based model of a furnace atmosphere is described where the conservation equations 
are solved to detennine die composition profiles of fire atmosphere in the furnace. Although the model is 
restricted in scope to certain types of furnace, it is shown to give better results than CFD when boundary 
conditions are uncertain. Tire application of the model to the understanding of existing furnace conditions 
and to determining ways of optimising the use of gases are discussed
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Introduction

The important role of protective atmospheres during heat treatment of metals, furnace brazing of 
assemblies and soldering of printed circuit boards is well established The atmosphere in the furnace 
prevents air ingress and oxidation of the parts, helps flush away any flux or binder from braze and solder 
pastes and provides an important mode of heat transfer [1]. In a batch furnace having typically one or 
two gas injectors, the gas utilisation and process can be optimised by minimising air leaks and mantairring 
atmosphere homogeneity with fans or other atmosphere circulation techniques. In a continuous furnace, 
however, atmosphere optimisation is more difficult as furnace inlets and exits can also let in air. The 
atmosphere requirements of different stages of heat treatment, brazing or soldering vary [2], Achieving 
these atmospheres in different sections of the open-ended furnace is a relatively complex task. Methods 
such as atmosphere zoning and the use of physical curtains and gas injectors have evolved with time, 
though it is hard to predict how effective these techniques will be for a given furnace and process. 
Experts in the field tend to rely on experience and rules-of-thumb rather than scientific method to achieve 
the required results.

Computational fluid dynamics (CFD)

One way to understand and visualise gas flow behaviour is by using CFD [3], In this technique the 
furnace is divided into several tens or hundreds of thousands of microvolumes (or finite elements) and the 
equations of mass, momentum and eneigy are solved iteratively to determine temperatures, gas velocities 
and composition at different locations in die furnace.

fluxer

Figure 1: Schematic of a wave soldering machine

The model may take several hours of computing time to produce a solution. In one recent example, A D 
Romig Jr of Scandia National Laboratories, USA, reported that one model of soldering a chip package 
to a board used their three teraflop machine and still took 51 hours of CPU time [4].

This first example addresses the problem of reducing flows in inerted wave soldering machines (Figure 
1). These have a slope of about 7 degrees from entry to exit, with the exit opening higher than the 
entrance opening, forming a natural chimney. Thus relatively high flows are required to inert it even when
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the inerted tunnel is well designed. Figure 2 shows the outline and flow velocities and oxygen levels for a 
typical nitrogen inerted wave soldering machine. The strong chimney effect induced by heating over foe 
solder pot pulled leakage air in at foe entrance resulting in oxygen levels of over 1000 ppm. These high 
oxygen levels were not reduced by the usual answer of increasing foe flow rate.

Figure 2 The nitrogen concentration (lighter indicates higher oxygen levels) and flow profiles for a 
typical inerted wave soldering machine produced by CFD

There are obvious design changes foat can reduce foe required nitrogen flows but to cany out foe various 
options in practice can be expensive and time consuming. Flow modelling showed that when foe flows 
were raised to counter the chimney effect, air was entrained at foe lower lip of foe exit end. The muffle 
design did not allow for good performance. Increasing foe exit end tunnel as shown in Figure 3 reduced 
foe tendency to entrain air at foe exit The wave machine could now be optimised and oxygen levels of 
less than 10 ppm were achieved, at 20% lower flows than originally used to get 1000-2000 ppm. CFD 
succeeded in this example because all foe boundary conditions and foe physical dimensions of foe 
enclosure were fairly well established.

In foe second example foe problem is a furnace which is copper brazing steel but producing a poor 
quality product The furnace, with foe thermal profile and schematic shown in Figure 4, was set up so 
foat most of foe flow was introduced into foe hot zone via injector 2 with foe remainder going into foe
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cooling zone via injectors 3 and 4. The atmosphere profile with regard to dew point is the most critical 
factor in the determination of effective brazing.

Figure 3. The nitrogen concentration (lighter indicates higher oxygen levels) and flow profiles for the 
modified inerted wave soldering machine produced by CFD

i

Entry Hat Zone CoolingZane Exit

400

Distance from entry (ft)

Figure 4: Schematic and temperature profile of the production brazing furnace
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It is now possible, by adding reaction chemistry to the CFD programme used, to combine the tasks of 
computing the distribution of the various elements involved in the furnace atmosphere and the reactions 
between the species present When the model was run using commercially pure gases as the inputs the 
minimum dew point was much lower than that achieved in any part of the furnace. This is because most 
furnaces have small leaks. As the exact position of the leaks was not known a small amount of air was 
added to the input gases in the computation. The output of the model for the distribution of water vapour 
is shown in Figure 5. The dew point along the centre line of the furnace is compared to the measured 
data in Figure 6.

Figure 5: The water concentration (volume fraction) profile modelled by CFD

Distance from entry (ft)

-30-

Actual Predicted - -

Figure 6: A comparison of the actual dew point profiles and that predicted by CFD 
It can clearly be seen that the results from the model and those obtained in practice are a long way apart, 
even after modifications to the model to allow for leaks. The model underestimates the ingress of air 
through the entry curtains and overestimates the ingress through the exit curtains. These discrepancies 
have been put down to the difficulty of modelling the curtains themselves. The fibre curtains are modelled 
as perforated regions in the furnace - their resistance to gas flow is modelled in terms of inertial resistance 
(i.e. physical obstruction) and viscous resistance (i.e. how much do the curtains obstruct the mixing of the 
gas). These two input data for resistance were calculated based on flowrate and pressure drop 
measurements in a furnace at the curtains on the exit (cold) end. Curtain resistance could not be 
measured at the entrance (hot side) of the furnace because of temperature constraints of the pressure and 
flow transducers. The hot side curtain was assumed to have the same characteristics as the cold side 
curtain. While this is a good starting assumption, it does not adequately represent the curtain behaviour
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for high temperature gas flow. In order to obtain fully accurate results the model inputs would have 
required the optimisation of the hot side curtain parameters, which was outside Hie scope of die 
investigation, as was the time consuming task of reconciling the CFD results to experimental data.

hi practice the curtain’s effectiveness varies with time due to its state of wear and the amount of 
movement produced by product moving through it and, although the curtains in the furnace under 
investigation were of the same design as those tested, some variation is inevitable. A simpler technique 
based on a combination of CFD and field trials was therefore applied.

Simple model

While it is veiy useful, CFD modelling cannot be used for routine troubleshooting because:-
(i) most CFD codes are quite expensive to lease and require a fast workstation and an expert 

in CFD to operate them,
(ii) the CFD model of a furnace typically requires several horns to set up and a few horns to 

produce an answer,
(iii) CFD codes cannot be used to optimise except by trial and en or in the inputs [5] and
(iv) for CFD to be effective the boundary conditions need to be known.

BOC Gases therefore decided to develop a simpler model, restricted to use on continuous furnaces of 
constant cross-section, that could be run on a personal computer. Tire equations solved are the 
simplified forms of the conservation equations for mass, momentum, energy and species. While the 
mathematical description of these equations can be derived from any classical textbook on transport 
phenomena [6], the simplified balance equations in a control volume can be quite conveniently described 
as:

Rate of accumulation = Rate of flow in - Rate of flow out + Rate of reaction (1)

Equation (1) can be applied for any quantity of interest This equation is used to solve for energy, 
overall mass and momentum and individual gas phase species mole fractions. Tire continuous sintering 
furnace is considered to be in a steady state, i.e. the rate of accumulation of gas phase species is zero. 
The chemical reactions considered in the chemistry calculations are:

2H2 + 02 <==> 2H20 (2)
2CH4 + O2 <==> 2CO + 4H2 (3)
2CO <==> CO2 + C (4)

Reactions (2)-(4) are assumed to reach equilibrium instantaneously, and no kinetic effects are 
considered. Tins is a realistic assumption in the hot zone of the furnace, hut may be limiting elsewhere. 
Tire furnace model carbon chemistry is based on several kinetic and equilibrium reactions between the 
carbon and hydrogen species in the gas phase. The principal reactions are:

CH4 + H20 => CO + 2 H2 (5)
CO + H20 <=> C02 + H2 (6)
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To account for reactions from air ingress, methane oxidation is also considered

CH4 + 1/2 02 => CO + H2 (7)

For reactions (5) and (7), an extent of reaction is specified The extent depends on the available gas 
species and temperature, and is data fitted from laboratory experiments and industry practice. The Shift 
reaction is assumed to occur to equilibrium at temperatures above 250° C.

The user of the model enters gas flows in the furnace at various locations through a user friendly 
interface. The species mass balance without reactions is first solved throughout the furnace. Next, the 
reactions described above are rigorously solved at various locations in the furnace to reconcile the mass 
balance and reaction chemistry for the 7 species involved - hh, H2, H20, Q?, CH4, CO, C02. For the 
reaction chemistry, a commercial process engineering package called HYSYS is used The entire set of 
calculations involved occur in less than 30 seconds on most computers and are completely invisible to the 
user. The parts temperatures as a function of furnace and gas conditions, and the belt loading and speed, 
are predicted using heat transfer balance equations which can be summarized as:

Heat pickup by the part = Heat received from the belt + Heat received from the gas

Convection, radiation and conduction modes of heat transfer are considered to allow for changes in the 
gas chemistry and gas velocities (which affect convection), furnace walls and belt (radiation) and contact 
with the belt (conduction). The furnace model requires input of basic furnace information which normally 
is readily available to an engineer on the production floor physical dimensions of the furnace; the door 
heights at the parts inlet and exit; and temperature settings in the various zones of the furnace The 
program also requires input of the number of gas injectors that are present in the furnace, their location 
and flow rate and composition of gas injected. The type of gas injector can also be described if 
necessary. Finally, the model needs the location of each of two physical curtains present in the furnace.

1 i 3 45

Entry- HotZcoc Cooling Zone Exh

0

1-20
l
0 -30
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Figure 7: Comparison of tire simple model output and actual practice for initial flow distribution.
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The furnace model calculates the wall, gas and parts temperature, and the resulting atmosphere profiles 
as a function of distance from the parts inlet These data are available in both numerical and graphical 
format The effect of two different settings can be graphically examined simultaneously to determine the 
sensitivity of the atmosphere profiles to a change in a particular flow setting. Previous studies applying 
this model to furnaces of constant cross-section have shown a close correlation between the model and 
practice [6],

After the CFD model failed to achieve a good correlation and reality, the simple model was applied with 
the results shown in Figure 7. The simplified model still under-predicted the ingress of air at the entry 
end of the furnace probably because the model was not designed to cope with the large change in 
furnace cross-section. However, it was now possible to try various strategies for modifying the gas 
distributioa It was found that increasing the gas flow could substantially improve the furnace conditions 
but this strategy was rejected on economic grounds. Some nitrogen, equivalent to approximately 4% of 
overall flow was introduced into the ends of the furnace (injectors 1 and 5) to produce NitrazonerM 
barriers and the balance of flow between injectors 2 and 3 equalised. The model predicted that this 
distribution would result in lower dew points at the front of the furnace. The prediction for this modified 
flow distribution is compared with the results obtained in practice in Figure 8. In practice the 
improvement produced was sufficient to overcome the poor brazing problem.

< { 9 4 9

Enfey HotZcnc Coolmo rent Ext

Dictanc* from *ntry (n)

- - - Predicted --------- Actual

Figure 8: Comparison of simple model output and actual practice for modified flow distribution.

In a second example, Nitraware™ was used to model a mesh belt anneahng furnace 16.15m (53feet) 
long, 0.46m (ISinches) wide that had problems with excessive belt degradation. The type of 
degradation encountered, often known as belt “welding”, is caused by oxidation of the belt followed by 
reduction further into the furnace. The model indicated that the conditions in the furnace should have 
been quite satisfactory. However, when the modelled results were compared with the actual atmosphere 
analysis (Figure 9) there was an obvious discrepancy in that the predicted dew point at the furnace entry 
was much higher than the measured value.

By trial and error, running the various possible scenarios, such as wet hydrogen (in fins case derived from 
an ammonia cracker), water leaks and air leaks, through the model it proved possible to recreate the
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actual results in one way. An addition of a O.SmVh (30scfh) air leak to the middle of the hot zone 
reproduced the atmosphere analysis found in practice and produced the oxidising/reducing conditions 
that would account for the problems with the belt (Figure 10). Subsequent investigation analysing for 
oxygen with the furnace containing nitrogen detected a large air leak 4.6m (ISfeet) from the furnace entry 
as predicted by the model, and a smaller leak at the hot zone/cooling zone interface. Curing the leaks 
did not fully cure the belt degradation problem but it did improve the furnace product Such trial and 
error modification of the boundary conditions is not possible with CFD within the timescales of 
commercial operations.

—-Hydrogtn (mod*i) 
■ Hydrog— tactual)

Distant* From an try (m)

Figure 9a: The initial modelled hydrogen profile compared to the actual analysis
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Figure 9b: The initial Nitraware modelled dew point profile compared to the actual analysis
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Figure 10: The Nitraware™ modelled dew point profile with a small leak in the hot zone compared to
the actual analysis
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Conclusion

The results described above show clearly that developing models of a furnace is an effective way to 
troubleshoot the processes canied out in them. While complex models using commercial CFD codes 
are veiy useful in modelling actual flow phenomena for complex geometries and flow combinations, 
useful information can also be gained from simplified furnace models. CFD will always produce the best 
results as long as the input data, in particular' the boundary conditions, are accurate. However, the time 
and measurements requir ed to achieve the needed level of accuracy is rar ely justified by tire problem and 
the simplified model restricted to a limited range of applications comes into its own. Flow rates and 
compositions required to obtain a desired atmosphere profile for optimised processing can be 
conveniently obtained by anyone familiar with the furnace. No special modelling skills ar e requir ed and 
tire results can he obtained in real time for a vast majority of continuous furnaces. Useful information can 
be obtained in a cost effective manner by simulating different scenarios. Experimentation on a real 
furnace, which is much more time consuming and expensive, can he minimised and the technical and 
economic impact of different options used for process optimisation more quickly evaluated
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A New Approach to Nitrogen-based Carburising
R. G. BOWES, B. J. SHEEHY and P. F. STRATTON BOC Ltd.

Introduced to overcome the drawbacks of synthetic atmospheres for carburising based on 
nitrogen/hydrocarbon-oxidant, nitrogen-methanol mixtures effectively produce endothermic gas 
in the hot furnace chamber, without a generator. The authors describe the results of a 
programme of work designed to evaluate this alternative system, christened "Endomix" under 
production conditions.

INTRODUCTION

Following the fuel crisis of the early 70's there was a rapid rise in the cost of producing endothermic gas 
but a slower increase in the cost of nitrogen. As a result, the major industrial gas companies of the 
world quickly recognised the opportunity to substitute generated atmospheres with nitrogen-based 
systems. This led to the fast development of technology in this field, particularly for protective 
atmosphere applications.

There was, however, one area which remained elusive to the nitrogen producers and that was 
carburising. A number of techniques were developed which met some, of the requirements of die heat 
treater, but none were totally satisfactory. It is usefi.il to analyse the reasons why and areas where these 
earlier techniques failed since it is upon these findings that 'Endomix" has been developed

The technique best known to the authors is that which uses a mixture of nitrogen-hydrocarbon- 
oxidant0 2). This generates a mixture of N2-CO-H2 when passed into the hot zone of a carburising 
furnace, with a maximum of around 6% CO. Extensive fieldwork on this process enabled the authors to 
draw the following conclusions when compared with the use of endothermic gas:
1 . At the normal carburising temperature of 925°C, carburising was acceptable on components with 

simple geometry. However,



2. The carburising rale was slower. This became apparent when the case depth exceeded 0.5mm 
(0.020in).

3. The case was not uniform on small gears: there was considerable tip to root variation.
4. The process was difficult to control with gas analysers.
5. Results on shallow case carbonitriding were generally acceptable.
6. The process woriced well for high-temperature carburising above 980°C, giving a uniform case, 

comparable carburising rate and reproducible results.

From these observations it was concluded that the CO level was too low and that perhaps an 
endothermic type gas was the ideal composition. At 925°C we could not increase the CO above 6%; 
however, at 980°C the levels were much higher. Some work had also been done on diluting 
endothermic gas with nitrogen, which showed that the carburising rate fell off rapidly below 10% CO.

In order to overcome these problems a development programme was designed with the aim of 
producing nitrogen-based mixtures which had higher CO levels-closer to those of endothermic gas. The 
CO-forming constituent had to be inexpensive, readily available, and easy and safe to handle. The most 
economic solution and, in fact, the one which was finally chosen was methanol (CH3OH).

Prelrmmary furnace work showed that methanol readily cracks at carburising temperatures to produce 
CO and Ft in the same ratio as that found in endothermic gas generated from natural gas:

CH30H ~> CO + 2H2

Therefore, by adding the appropriate amount of nitrogen, endothermic gas can be synthesised readily in 
the furnace.

It was felt dial the CO level was important since it meant that similar control curves to those for 
endothermic gas could be used. The typical analysis range of the gas mixture produced in the furnace 
compared with endothermic gas is given in Table 1. It can be seen that the composition of the 
atmosphere in the furnace is similar to that of endothermic gas. Therefore one would expect it to 
perform in a similar manner. In view of the shortcomings of the earlier techniques it was felt necessary 
to prove this to be so on a production-sized furnace in order to convince the heat treater of its viability.

Table 1
Typical composition of the nitrogen-methanol atmosphere in the furnace compared with endothermic 
___________________ _____________________ gas

Analysis N itrogen-methanol 
“Endomix"

Endothermic gas from 
natural gas

Endothermic gas from 
propane

%CO 15-20 19.8 23.8
%h2 35-45 40.4 31.2
%co2 0.4 0.3 0.3
%CH4 0.3 0.5 0.1
Dewpoint °C 0 0 0
%n2 Balance Balance Balance

This paper presents the results of the investigation into carburising; it also outlines how methanol addition 
can be used for some protective atmosphere applications. Finally, it examines some of the commercial



EXPERIMENTAL PROGRAMME

The programme of work was designed to produce a searching evaluation of nitrogen-based caiburismg 
compared with classical endothermic gas carburising data available in die literature and fiom practising 

members of tire heat treatment indushy.

Critical features of any new caiburising or caibonittiding process were known to be:
(i) control curves for manual or automatic control;
(iv) uniformity of case with respect to low gas movement areas;
(iii) caiburising rate;
(iv) production results;
(v) atmosphere flowrates;
(vi) cleanliness;
(vii) economics.

Most of die programme to establish these factors was canied out with natural gas as the enriching gas. 
Several runs were conducted using propane as enrichment, merely to ensure the technical viability of 

using this alternative.

Single-level runs of four hours at temperature were used for much of die basic development work, viz, 
establishment of dewpomt, C02 and probe voltage relationships widi carbon potential. Boost/diffuse 
cycles were occasionally used for deep case work for selected customers. All charges contained a 
25.4mm (1 in) diameter SAE 8620 test disc for spectrographic carbon determination at 0.075mm 
(0.003in) below the surface, and a 25.4mm (1 in) diameter 8620 test bar* for case deptii assessment by 

Vickers hardness traverse (HV5).

Medianol was introduced into die hot chamber once a temperature of 750 C was achieved; nitrogen 
was used to purge air from die furnace during heating up. The carbon monoxide and hydrogen mixture, 
produced by the cracking of methanol, conditions the furnace in the same way as endothermic gas by 

reacting witii oxygen in die brickwork, viz.:

2H2 + 02 -> 2H20

2CO + 02-~> 2C02

The base mixture of (CO + Ek) and nitrogen from the bulk supply system inflammable at all times, i.e. 
when the frimace is active or when non-active between charges. This is because CO and It contents 
togedier are usually around 45%, somewhat lower flran endothermic gas.

A typical recorder chart gas analysis history for a four hour carburising cycle at 925°C is shown in Fig. 
1. The large increase in residual methane, measured when the cold charge enters the hot chamber, 
occurs because a secondary cracking reaction becomes more favourable at low temperatures:

3CH3OH -> 2CH4 + C02 + H2 + H20



aspects associated with its use in furnace atmospheres. The results are based on both development 
data and data collected from fieldwork at several production facilities in the UK.

EQUIPMENT

For the evaluation work on carburising, a production sized sealed quench furnace was preferred This 
was thought to involve little or no translation up to full production heat treatment conditions. A 0.25 m3 
(9 ft3) Efco sealed quench furnace was installed with a specially modified gas mixing panel such that 
nitrogen, ammonia, liquid methanol, propane or natural gas, and air could be admitted to the hot 
chamber. Nitrogen could also be added to the vestibule through a flowmeter.

Gas stopcocks were fitted to both hot chamber and vestibule. Gas analysis equipment comprised the 
following:
(i) Infra-red CO2 (supplied by ADC Ltd)
(ii) Infra-red dual-gas dual-range CO and CH* (supplied by Infra-Red Inc, California, USA, through 

BOC Special Gases Division)
(iii) In-situ oxygen probe(supplied by Kent instruments Ltd)
(iv) Remote oxygen probe (supplied by Thermox Inc, through Sirius Instruments Ltd)
(v) Gas chromatograph (supplied by BOC Special Gases)
(vi) Dewpoint meter (supplied by Shaw Moisture Meters)

Hence it was possible to measure all the relevant gases normally present in the carburising process, viz, 
CO, C02, CH4, H2, H20 and 02.

TEMPERATURE 10-1000*01

OXVCEN PROBE (SOO-ISOO mV)

CARBON MONOXIDE (0 30%)

DEW POINT 10 50*01

CARBON DIOXIDE <0-.5*l

METHANE I0-2OKI

LOAD INTO 
HOT CHAMBER

AT TEMPERATURE 
ADDITIONS ON

QUENCH

Fig. 1. Process parameters during a 4- 
hour carburising cycle using an 
atmosphere of N2-methanol-natural gas 
under automatic CO2 control

A 12-channel Honeywell recorder was used to monitor the measured gas analysis and the furnace 
temperature. A digital voltmeter equipped with high-low comparator switching was used for automatic 
on-off control of carburising based on CCb or oxygen probe voltage.

The whole facility, including furnace, control and gas mixing panel, gas analysis equipment, and bulk 
nitrogen supply, is also used as a demonstration facility for potential BOC" customers.





Automotive gear scrap from one supplier was used for furnace loads, with surface area kept constant as 
far as possible.

RESULTS

Carbon Potential Control Parameters

Dewpoint
Whilst the absolute values of dewpoint were lower than those observed in carburising with endothermic 
gas (0 to -10°C), a similar inversely-proportional relationship existed between dewpoint and measured 
surface carbon content It must be stated that as with endothermic gas, the dewpoint/carbon potential 
relationship is not as reliable as that between caibon potential and CCt or oxygen probe voltage.

Carbon Dioxide
Provided that carburising conditions (carbon potential, load surface area, furnace condition, etc.) were 
such that soot was not produced, very good correlation was obtained between CO2 level and surface 
carbon. Automatic on-off control of the BOC process has been successfully employed using infra-red 
CO2 analysis.

Oxygen Probe Voltage
The probe millivoltage showed excellent correlation with the test disc surface carbon. This parameter 
would provide the most accurate means of carbon control.

Control curves for all the above parameters are available only to the customers of BOC Ltd.

Carburising Uniformity

800 -

FlankFlankFlankRank

Distanc* from surface, mm

Fig. 2. Hardness profdes through the case on gears carburised at 925° C as follows., (a) 4 hours 
at single-level carbon potential of 0.67%, (b) 4 hours at single-level carbon potential of 0.85%,
(c) 4 hours at single-level carbon potential of 1.15%, (d)boost 2.5 hours at 1.1% carbon 
potential, diffuse 1 hour at 0.85% carbon potential.

A small helical final-drive pinion gear in SAE 8620 was used as a critical test of carburising rate in low 
gas movement areas in many of the furnace loads carburised at higher carbon potentials. Figs. 2(a)-(d)



show hardness profiles for this gear carburised under various conditions. It must be noted that the work 
was quenched from 925°C, thus the optimum surface hardness for this material was not achieved

Fig. 3. The helical gears used in the trials 
with a macro-section of that for which 
hardness profiles are shown in Fig. 2(h),

The variation between root and flank case depths was considered to be well within the limits normally 
encountered on this type of work; up to 30% difference in effective case depth is not uncommon with 
endothermic gas. Fig. 3 shows a photomacrograph of the gear tested in Fig. 2(b); clearly the case is 
uniform. The microstructure in the flank region of this gear is also shown in Fig. 4(a) and the 
microstnicture from a similar region of the gear tested in Fig. 2(d) is illustrated in Fig. 4(h).

Fig. 4. Flank microstructures at the gears 
for which hardness profiles are shown in 
(a) Fig. 2(h) and (b) Fig, 2(d). x400.

Carburising Rate

A carbon gradient for the gear tested in Fig. 2(b) is shown in Fig. 5. Carburising rate was shown to be 
very similar to that in endothermic gas with, for example, a case of 0.75 mm (0.030in) effective to 
550HV acquired in four hours at constant carbon potential.



Carburised 4 hours 
?*t <»950C single 
level 0.85% carbon 
potential

Distance from surface, mm

Fig. 5. Carbon gradient in the gear for 
which hardness profiles are shown in Fig. 
2(b).

Fig. <5 is a plot of effective case depth to 550HV for various carburising times. All the measurements 
were performed on SAE 8620 carburised at 925°C in a 0.8% carbon potential atmosphere. The 
results are the same as those quoted for endothermic gas in Volume 2 of Metals Handbook(3).

Fig. 7 shows the rate at which the surface carbon of a component reaches equilibrium with the 
atmosphere. The measurements were again performed on SAE 8620 at 925°C but in an atmosphere 
with a 1 % carbon potential. It shows clearly the rapid rise in surface carbon with time, levelling off 
after 8-10 hours. This curve is important when calculating the correction factor for automatic control.

2 0 -

Time at temperature, hours

Fig. 6. The relationship between effective 
case depth and time for SAE 8620 
carburised at 925°C at 0. 8% carbon 
potential.



Fig. 7. The relationship between surface 
carbon content and time for SAE 8620 
carburised at 925°C in an atmosphere with 
a 1% carbon potential.

io -

Time, hours

Atmosphere Flowrates

Since the dominant carburising mechanism in the present process is the same as that in endothermic gas 
carburising (i.e., from hydrocarbon through CO), it was felt that good quality carburising would be best 
obtained with flowrates similar to endothermic, viz, typically four to six volume changes per hour in a 
sealed quench furnace. This was, in fact, the case and optimum carbon potentials were produced with 
higher flowrates, rather than the lower flowrates of the nitrogen-hydrocarbon-oxidant carburising 
system.

In initial conditioning of the furnace was performed with a nitrogen atmosphere supplemented with a 
small natural gas addition. Pure nitrogen was used to purge the heating chamber during the heating-up 
period and the natural gas introduced when the furnace temperature had risen above 750'C.

Production Results

In order to check the variation in case depth in charges containing large numbers of parts, a 
considerable number of production loads have been carburised. Table 2 shows the spread on six 
samples taken at random from a batch of around 1200 plungers. The components were made from 
En36 and were carburised using a boost/difliise cycle.
Loads of large surface area have also been carburised without problems. The surface appearance was 
very good on all the work, with no soot evident: the large surface area loads were, in fact, bright

Table 2.
Surface hardness and effective case depth measurements on random parts from a production load

Sample No Surface Hardness Effective Case Depth to 500HV
HV5 HV30 mm ins

1 841 817 1.04 0.041

2 781 823 0.97 0.038

3 841 823 0.94 0.037



4 810 823 0.94 0.037

5 795 823 0.99 0.039

6 781 823 0.91 0.036

Components., load of 1176 plungers in En36 material. Treatment in a sealed quench furnace, 
carburising at 925°C with 2.5 hour boost, 0.5 hour diffuse, 0.5 hour equalise at HOCTC, oil 
quench. Case depth specification.. 0. 75- l.Omm (0. 030-0.040in) to 500HV.

Carbo nitriding

"E 500

Distance from surface, mm

Fig. 8. Hardness profde after carbonitriding 
for 3 hours at 850°C (En328).

A considerable amount of work has been done on carbonitriding using similar base atmosphere 
compositions to those used for carburising. Fig. # is an example of the hardness profile produced on 
En32B using a 3% ammonia and 3% natural gas addition for three hours at 850°C. The results, as in 
carburising, are the same as with endothermic gas.

OTHER APPLICATIONS OF "ENDOMIX"

In addition to carburising applications, endothermic gas and other generated atmospheres are used for 
many other protective atmosphere processes where ’Endomix" is an excellent alternative. Since N>- 
CH4 and N2-H2 atmospheres are ideally suited to many of these processes^, it is pointless replacing 
them with another mixture unless there are good reasons. A careful examination of the range of 
atmosphere processes and the nitrogen-based systems available revealed several areas where 
"Endomix" offered both commercial and technical benefits over any alternative. The problem areas 
which were apparent were primarily associated with high-temperature processes, i.e. those above 
1000°C: hardening high-speed steels (HSS), some annealing applications, brazing and sintering. When 
N2-CH4 or N2-CH4-air was used above 1000°C, unacceptable heavy sooting occurred. The 
alternative before 'Endomix" was N2-H2 and this was often too expensive.



The following are some examples of instances where "Endomix" has been used to overcome these 
problems.

Hardening HSS

HSS is normally heated to around 1200°C before ah cooling, the heating being done either in sail baths 
or high carbon potential endothermic gas. This example is based on Are har dening of BM2 hacksaw 
blades. Endothermic gas was being used as the atmosphere but, since no hydrocarbon additions could 
be made to the furnace because of sooting, the generators had to run at an extremely low dewpoint 
This created generator problems, such as sooting in the pipework and on the catalyst, which 
consequently necessitated frequent bum-out and excessive maintenance.

Initially, the old system using Nz-air-propane was tried as the atmosphere, resulting in heavy sooting 
since theproparre cracked before it could react witlr the air, this technique was abandoned rapidly.

An 'Endomix" composition was designed such that it contained 20%-23% CO, similar to the customer's 
endothermic gas. The result was a product as good as that achieved witlr endothermic gas, with no 
decarbruisation and no soot.

Furnace Brazing

Copper brazing in mesh belt furnaces is usually done in a rich exothemric gas atmosphere. The common 
nitrogen-based route involves using a N2-H2 mixture. Unfortunately, tire relatively high price of 
compressed hydrogen nomraUy puts this mixture out of court commercially. However, it was felt that 
methanol could be used as a cheap source of reducing gas since it produces hydrogen and carbon 
monoxide at only 10-20% of tire price of hydrogen. In practice, a dilute 'Endomix" proved to produce 
an excellent atmosphere for furnace brazing at a competitive price. It also has die advantage drat 
carbon steel can be brazed widrout decafburisation since 'Endomix" has a controllable carbon potential 
whereas exothermic gas is decatburising.

High-temperature Annealing

N2-CH4 mixtures are commonly used for annealing, but are suitable only for temperatures up to 950°C. 
When dris temperature is exceeded, as is commonly die case in die annealing of pressings in mesh belt 
furnaces, sooting can become a problem due to the thennal decomposition of die medrane. Normally 
exothermic gas is used for dris application, winch once again renders N2-H2 mixtures unattractive 
economically. However, methanol is an ideal source of cheap reducing gas and a dilute Endomix", 
similar to drat employed for furnace brazing, has been found to give excellent results.

The system offers further technical benefits. Tire atmosphere is considerably more reducing than 
exodierinic gas, which means there is no danger of blueing in die slow cooling zone of a mesh belt 
furnace. It can also have a higher hydrogen level than exodrermic gas if requir ed; dris may he necessary 
to improve the heat transfer characteristics of the atmosphere in die slow cool zone-particularly useful 
for heavy sections or higher belt speeds.

Sintering



As yet we have no experience in operating an 'Endonhx" system for sintering. Hie system which we 
normally recommend is N2-H2 for non-ferrous sintering orN2-H2-CH4(5*6) (patent pending) for carbon 
controlled sintering. These atmosphere mixtures give excellent results. There are, however, some 
situations where it is commercially advantageous to use methanol as the source of hydrogen. Our US 
subsidiary, Airco, has many customers using this system and drey have practical experience of 
employing methanol as the hydrogen source without any problems.

COMPARISON OF ECONOMIC ASPECTS

It is very difficult to generalise on economics since there are many factors to consider when comparing a 
nitrogen-based atmosphere with a generated gas. When a heat treater wishes to consider die use of 
nitrogen, it is part of onr nomial practice to prepare a cost comparison which accounts for all the local 
factors.

An analysis of a number of diese recent cost comparisons shows that liquid nitrogen systems are 
cheaper than cracked or burned ammonia, lie widiin ±10% of die cost of endodiennic gas and shipped 
and dried exothermic gas, but are generally more expensive than exothermic gas. However, if the scale 
justifies an on-site cryogenic nitrogen generator, considerable cost savings can be made even against 
exodiermic gas.

Capital Investment

Two situations have been considered in Table 3-one which requires 57m3/h (2000sft3/h) of atmosphere 
gas and a second which requires 114m3/h (4000 sft3/h). If endothermic generators were used there 
woidd probably be three of equal size, with two working and one on standby.



Table 3.
Comparison of capital investment

Gas flow 57ni3/h(2000sft3/h) 114ni3/h (4000 sft3/h)
Endothermic gas generator £25000 £42000
'Endomix" (installation of liquid nitrogen tank + 
vaporisers + purchase of methanol tank)

£4000-5000 £5000-60000

Capital cost ratio cEndontix”/Endodiemtic 0.18 0.13

Flow Requirements

Generators are nearly always oversized by around 25% to allow for increased demand as furnace seals 
wear and to allow for design errors. However, with a nitrogen system the flow valve is simply adjusted 
if more or less gas is required With a nitrogen system the pattern of demand can be followed readily 
without waste. Thus, for cost comparisons, it is important to compare die effective volume requirements 
and not die actual amount produced by the generator. Experience has shown diat diis flexibility allows 
an overall volume reduction of30-50%.

Rapid Conditioning

A problem winch affects many users of endotiiermic gas is tiiat of long conditioning times of bodi die 
generator and the liunace, 12 horns not being uncommon. However this does not apply to ‘Endomix" 
since it is available instantly at die conect carbon potential. This avoids eitiier leaving die generator 
running over weekends or starting it up on Sundays. This alone would save several thousand pounds on 
overtime payments plus the cost of running the generator for an extra 12 hours in an unproductive mode. 
Furdiemiore, die furnace conditioning time can be reduced to a few hours or less by keeping the furnace 
conditioned witii a reduced flow of nitrogen during periods of idling. Since the mixture is non
flammable, it can be safely left unattended This facility could easily allow an extra 8 horns carburising 
production per furnace which, at today's high cost of furnace time, offers scope for a further saving of 
several thousand poimds per annum.

Safety Purging

Since the introduction of the Healtii & Safety at Woik Act, it is now becoming the norm to have 
nitrogen purging on carburising furnaces, and widi all BOG nitrogen-based systems there is a built-in 
nitrogen pinge facility.

If a small liquid nitrogen tank is used in conjunction wifli die generators, this will add around £2500- 
3000 per annum to the muting costs of a heat treatment shop. However, if a total nitrogen-based 
atmosphere system is employed, the nitrogen used for purging is at a lower marginal price than that with 
die small tank, resulting in a saving of a further £2500 per annum. Nitrogen is also effective for 
extinguishing oil quench tank fires winch can be veiy expensive if they get out of control.



Reduced Rework and Scrap

This is where the big savings can be made with a nitrogen-based system, particularly with regard to 
carburising. A look around any carburising shop will show large baskets full of components labelled 
‘Scrap' or 'Retreaf. Heat treatment is perhaps the only operation which can convert such large 
quantities of valuable work into scrap or cause it to go for reprocessing. Therefore, any method of 
reducing this risk should be given serious consideration since it could result in potentially enormous 
savings.

A recent example of this is a customer who converted from exothermic generator to nitrogen-based 
system for bright annealing steel strip. He claims, since converting, to save more in reduced scrap and 
rework than it costs him for the nitrogen, and the nitrogen costs £40000 per annum.

These points illustrate some of the ways in which a nitrogen-based atmosphere such as 'Endomix" can 
be of enormous financial benefit to die heat treater. It is important to recognise drat die cost of die 
atmosphere normally represents less dian 1% of die value of die product which is being heat treated; yet 
die process is perhaps the most critical step in die production of finished components.

Atmosphere faults or supply failures can easily result in die loss of large quantities of valuable work. As 
has been seen, tiiis is particularly the case with carburising, where good atmosphere contr ol is essential. 
This being the case, clearly cost should not be the overriding factor influencing die choice of 
atmosphere. The decision on which atmosphere supply metiiod to use shordd be based upon such 
factors as reliability of supply, consistency of atmosphere quality (and hence results), and ease of 
contr ol. "Endomix" scores higher then endotiiemric generators on all of these points.

These, in fact, are die reasons why many heat treaters have converted to nitrogen, even where initially it 
appeared to be more expensive, as is often the case when compared witii exothermic gas. 
Furthermore, nitrogen-based atmospheres are good long-term options since tiiey require less energy to 
produce than, most generated atmospheres; thus, tiiey will become progressively cheaper in real terms.

The conversion to nitrogen-based atmospheres is now a world-wide trend representing one of die 
largest and iastest growing markets for industrial nitrogen. It is estimated tiiat there are well over 1000 
users in die world, with around 250 in the UK. This fact alone clearly illustrates the viability of such 
systems.

CONCLUSIONS

1. Gaseous nitrogen, derived from a pure liquid source, in conjunction with liquid methanol has been 
successfully used as a substitute for endodiennic gas in gas carburising.

2. Hie aftnosphere produced from nitrogen and metiianol has flammability limits similar to endodiennic 
gas but greater safety is inherent in die process by virtue of the presence of an automatic safety 
purge indie event of hazards occuning, e.g. low temperature, power failure, etc.

3. Oxygen potential (probe voltage) or CO2 level are die most suitable control parameters and die 
former shows die greatest sensitivity to change in atmosphere composition. This is because carbon 
potential can reasonably be predicted from the CO2 /C02 relationship. Dewpoint can also be used



4. Uniformity and reproducibility of carbon potential and case depth have been more than adequately 
investigated and found to be at least as good as endothermic gas with full production loads. Gear 
flank and root case depth differential is very acceptable compared with that achieved in 
endothermic gas.

5. Carburising rate lias been shown to be at least equal to drat in propane or natural gas enriched 

endothermic gas.
6. High-temperature neutral hardening of BM2 tool steel, mild steel brazing, sintering and 

carbonitriding are other processes winch have been carried out successfully using die nitrogen- 
medianol process.
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Methanol in nitrogen-based heat treating
- * P F Stratton*

In recent years, the use of furnace atmos
pheres based on thermally dissociated 
methanol has become widely accepted as an 
alternative to conventionally generated atmos
pheres for many applications. The use of 
dissociated methanol alone is, however, not 
to be recommended in most furnaces, if only 
from the point of view of safety. The majority 
of the applications are therefore based on 
nitrogen/dissociated methanol mixtures.

Development of this system has taken 
place in many centres throughout the 
worldmainly by the large industrial gas 
companies. Since the Original concept was 
developed, many other applications, exploit
ing the flexibility of the system, have been 
devised

The basic concept
The thermal dissociation of methanol may 
occur in several ways:-
1. 2 CH3OH - COz + CH4 + 2H2
2. 2 CHjOH C02 + Cgr + 4H2
3. CHjOH — CO -f 2H2

The free enthalpy of these reactions as a 
function of temperature is shown in Figure 1. 
This clearly shows that if the methanol is to 
be thermally dissociated to produce carbon 
monoxide and hydrogen only in the treatment 
furnace, then the temperature, or at least that 
at the injection points, must be in excess of 
700°C. In practice below 750°C the methane 
and carbon dioxide rises rapidly and the 
carbon monoxide and hydrogen fall away 
(Figure 2). The kinetics of reaction 2 are 
slow4 and in practice only occurs when the 
methanol vapour C heated slowly through 
the range 500-760oC.

- V- V.-.’ '

•Development metallurgist, Fumtct ttmospktnsection,' 
ROC Limited, Baildon

2CH3 OH ♦2CO ♦ 4H2
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Fig l. After Kosteliu. The thermal 
dissociation of methanol

A typical atmosphere analysis at carburis
ing temperatures (925 °C), after dilution with
50% nitrogen, would be:-

Constituent %
h2 39
CO 15.2
CH* 0.35
co2 0.18
h2o 0.6
n2 Bal

Flexibllity
The inherent flexibility of the nitrogen/ 
dissociated methanol system lends itself to a 

' variation of carbon monoxide and hydrogen 
levels not possible with conventional systems. 
As carbon potential is proportional to the 
square of the carbon monoxide partial pres
sure divided by the carbon dioxide partial

pressure, and the carbon monoxide to carbon 
dioxide ratio is constant for a given nitrogen 
to dissociated methanol ratio, then carbon 
potential is proportional to carbon monoxide 
level. This carbon potential varies, of course, 
with temperature. Surface carbon data 
obtained in a 9 ft3 sealed quench furnace 
after four hours at temperature in the atmos
phere are shown in Figure 3.

The base carbon of the test piece (O.i 5% 
carbon) has obviously affected the results at 
lower temperati res where diffusion is slow. 
The absolute values obtained will, as with all 
treatments where the carbon potential level 
is not controlled, vary with furnace condition 
and leak rate, but are constant for a given 
furnace and temperature after an initial 
conditioning period. It is therefore possible, 
within the limits, to produce a nitrogerv' 
dissociated methanol atmosphere neutral to 
most steel components to be treated. This 
facility is particularly useful in annealing and 
hardening applications involving medium 
carbon steels, especially where some degree 
of carbon restoration is required.

Carburising
Each nitrogen/dissociated methanol mixture 
has, as shown above, its own carbon potential 
It was found that, with additions^ a hydro 
carbon, the carbon potential of any mixture 
could be increased, up to at least the limit of 
solubility of carbon in iron, at temperatures 
in excess of 700°C. Therefore, any mixture 
may be used for carburising There are, 
however, some limiting factors.

If the carbon monoxide, and hence hydro * 
gen, level is too high, flammability is in
creased and control also becomes difficult 
due to the high water contents encountered

A second problem associated with high 
carbon monoxide levels is that of internal
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I'M'fi Figi$i The variation qf carbon potential with carbon monoxide level and 

temperature under equilibrium conditionsFig 2. The



oxidation. This is especially critical for 
direct quenched, fb|ahpd components wl^en; . 
the surface chacacteri|tios(|)aird:xUarfy wth : 
respect to fatigue)- are important, such as 
automotive gears.' The higher the carbon 
monoxide level the greater the tendency to 
internal oxidatioa

Oxygen probe output voltages for various 
carbon monoxide levels at 900°C and a 
carbon potential of 0.8% *ere calculated 
from equations derived by Tullett et al13 and 
these are compared with experimental data 
in Figure 4. This showed that the tower the 
carbon monoxide the lower the driving force 
for oxidation but that a carbon monoxide of 
less than 0.05% would be required to 
eliminate oxidation of chromium completely. 
The discrepancy between the theoretical and 
experimental data are not practically signifi
cant in this respect These conclusions were 
confirmed by .experiment with the results 
shown in Figure 5. ,

It has been shown that during the first few 
minutes erf carburising the rate is controlled 
by the adsorption of carbon and oxygen3.
1. co- c. + o.
In the later stages, if the surface area of the 
charge is high or the hydrogen level is low, 
then the rate is controlled by the desorption 
of oxygen to form water vapour6
2. Hj + O.-H20
If, however, there is sufficient caibon 
monoxide to fully saturate the surface with 
carbon and oxygen and sufficient hydrogen 
to remove the oxygen then the carburising 
rate will be controlled by the rate erf diffusion 
erf carbon in iron.

Experimental worirfFigwre 6) established 
that the minimum carbon monoxide content 
required was 10%. To allow for the dilution 
effect of addition gases during high carbon 
potential carburising or carbonitriding and 
the greater carbon demand of high surface 
area loads, the base carrier gas should 
approach 15% carbon monoxide. This 
criterion is met admirably by a 50/50 mixture 
of nitrogen and dissociated methanol which 
has a carbon monoxide content of 16% at 
950°C. This mixture is the basis of the HOC 
Endomix* carburising system.,

Increased carburising rate
Under equilibrium conditions, the controlling 
rate for carburising in normal heat treatment 
atmospheres is the diffusion rate of carbon in 
iron at temperature in question. Increase in 
carburising fate can therefore only be 
achieved either by raising the carburising 
temperature or by increasing the caibon 
potential and hence the driving force for 
diffusion. Both these solutions have draw
backs in some process areas.

Increasing the carburising potential will 
result in an increased surface carbon which 
must then be diffused away under a lower 
carbon potential. This process normally 
referred to as the boost-diffuse technique is 
commonly used for case depths in excess of 
0.75 mm (0.030 inch). It cannot, however, 
be applied to shallow case depths as there is 
insufficient time to remove the excess caibon.

Increasing the oaiburising temperature 
will mean that, unless poor hardening res-

* Trade mark '» •'
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ponse is acceptable, the product must either 
be cooled out and requenched, or the tem
perature lowered prior to quenching, thus 
negating to some extent foe gains in carbur
ising rate. In lower alloy materials there may 
also be a problem with gram growth. This 
process is therefore only common for case 
depths in excess of 1.0 mm (0.040 inch) in 
alloy steels.

Batch carburising is not, however, operated
under equilibrium conditions. It takes a 
significant time from the start of foe cycle, at 
an addition gas flowrate that will not initiate 
soot formation, tp achieve a given carbon 
potential, say 66% of theoretical at foe steel 
surface. If this time, which is of foe order of 
20 minutes for a conventional endothermic 
type atmopshere, could be reduced, an in
crease in effective carburising time would be 
achieved. Figure 7 shows, as originally 
suggested by Dr I Montevecchi during 
discussion at‘Heat Treatment’79’ and later

confirmed mathematically7 that if the activity 
of the atmosphere is increased, as is possible 
with a nkrogelVdissociated methanol system, 
the time to achieve carburising this caibon 
potential is reduced.

With a 100% dissociated methanol 
atmosphere foe time to 66% of theoretical 
caibon potential is reduced to about two 
minutes. In practical terms this results in an 
average increase incase depth ofO.(K)75 nun 
(0.003 inch) over conventional processing, 
see Table I. Therefore for a case depth of 
0.375 mm (0.015 inch) there is an increase 
in carburising rate of 12.5%, However, over 
the whole cycle this is reduced to about 5% 
(For deeper case depths the increase is 
proportionately less).

There are some practical problems in foe 
application of foe technique. Because of 
safety, economic, and control considerations 
the atmosphere must be returned to the 
normal dissociated methanol level for latter
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Fig 6. The variation qf the Harris constant (D ** K'S t) with carbon 
monoxide content for dissociated methanol/nitrogen atmospheres at 
900°C with a carbon potential of 0.8%

80- x

CH.OH

1-0
TIME, h

Fig 7. After Montevecchl The time dependence of the effective surface 
carbon potential, as a percentage of equilibrium potential for various 
spiked dissociated methanol/nitrogen mixtures

part of the treatment period tnd the unloading 
loading period. This implies complex control 
equipment which cannot normally be justified 
by the small gain in carburising rate.

Decreased carburising rate
As we have seen previously, if the carbon 
monoxide and hydrogen levels are reduced 
below 10% carbon monoxide then the 
carburising rate becomes surface reaction, 
that is carbon availability controlled. When 
the carbon monoxide level is below 2% for 
all practical purposes caiburising ceases. 
The addition of small quantities of hydro
carbon will raise the carbon potential of such 
an atmosphere to a level where no decarb
urisation or carburisation will occur.

This atmosphere is particularly useful in 
annealing applications where no decarbur
isation can be tolerated and the annealing 
temperature is low. At low temperatures 
there is insufficient cracking of methane to 
provide the required hydrogen from the 
normally recommended nitrogen/4% natural 
gas atmosphere. This is especially critical 
where air ingress is a problem or some oxide 
reduction is required, if the additions are 
reduced below the flammable limit then the 
added benefit of safety accrues.

Intermediate conditions may also exist 
For example, if during an annealing process 
it is necessary to reduce oxides or bum off 
lubricants, greater atmosphere reactivity, 
mainly in the form of hydrogen, is required. 
In this case the dissociated methanol level 
may be raised to 15% or more. The inherent 
carbon potential of this type of mixture 
makes it particularly suitable for low carbon 
materials. It may of course be spiked with 
hydrocarbon if i^gbesuarboa potentials are 
required, but this ;i* usually unnecessary as 
the carbon avtil4l^ity‘l« ^|trel«tively k>w.

Zoning
The process of tailoring an atmosphere to 
suit the process being carried out can be 
extended, through the flexibility of the 
nitrogen/dissociated methanol atmosphere

Table 1. Average case depths and surface 
carbons

Treatment
time
hours

Time with 100% 
dissociated 
methanol 

hours

Case
depth
mm

Surface
carbon

%

1 0 0.22 0.68
1 0.17 0.27 0.73
1 0.33 0.30 0.82

Results obtained from Efco OVRT Furnace using 
EN 32B test pieces.

system, to having different atmospheres in 
different areas of the furnace8-9.

To illustrate this technique, consider the 
mdsh belt annealing of small hot drawn caps 
containing quantities of cutting oil which are 
required bright, and with a neutral surface. In 
this example it is first necessary to bum off 
the cal, so an oxidising atmosphere would be 
required but if the oil reached the main treat
ment area, carburising and soot formation 
would result Secondly, a reducing atmos
phere is required to remove surface oxides.

Thirdly, a neutral, protective atmosphere is 
required for cooling without blueing 

This can be achieved by using nitrogen/ 
15% dissociated methanol in the main 
furnace chamber to reduce the oxides. 
Humidified nitrogen is injected at the furnace 
mouth to oxidise foe vaporising oil and 
finally nitrogen alone is used during cooling 
to prevent blueing The resultant carbon 
monoxide . and carbon dioxide profiles are 
shown in Figure 8. This technique is one part 
of foe BOC Nitrazone* system.
* Trade mark

Variations
When the addition of a third component to 
the baste nitrogen/dissociated methanol 
system is considered many further possibil
ities arise. For example, the addition of 20% 
ammonia to a 50 :'50 mixture will produce 
an atmosphere ideally suited to austenitic 
nitrocarburising10 at temperatures around 
700°C. The layer produced by this process 
has foe same characteristics as that produced 
by conventional processing

As a second example, the addition of 
about 13% water vapour to a58:42 mixture

Fig 8. A typical atmosphere profile



Table 2, Examples afrwiatliii* in )ittfQK!*-base^ atmospheres;

. . Composition, pW cent
Process

Wttmmn Dissociated Ammonia Hydrocarbon Waterrmirugcu methanol

Carburising
Carbonitride
Austenitic
Nitrocarburising"
Decarburising
Hardening
Brazing
Sintering ,; •
Annealing

so : 50 —
. 48 48 , 3

■40 40 20
‘ ' 50'• • 37 —

85-25 15^75 —
; 85 • 15 —

85-40 15-60 —
99 - 70 , . 1-30 * T-

0;-20 
O’-20

0-20

0-20
0-20
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will produce an atmosphere ideal for do*
• carburising12 work. .This atmosphere has 
found its mnjor application in decarburlsing 
electric motor: laminations,; /Many other. : 
variations and mixes are possible and some 
of these applications are listed in Table 2.

Conclusions
Atmospheres based ohdissociatedmethanol 
and .nitrogen are .highly versatile and .have 
many advantages oyer conventional gcner- 
atedt.nwiosphere systems in a. wide range of 
appii.cations.j
1) Their flexibility meahs that they givij'S' 

■much wider- soppe jRjf matching coni- 
■■ positiem fo process eequlremfeiifs-thus'_ 

optimising the heai trcatirtent Cycles.

2) “ Compositions ranging from endogas type
to lean exogas type atmospheres, and 
below, 'dan be obtained from a single 
system.

3) Compositional cohtrol extends, npt only
. to variation of composition within the.

furnace, but to variation of composition' 
...withtime. , • •

’ These factors together with the renowned 
' miiability, safety and controllability of 

nitrogen .based atmospheres give, the heat- 
treated an atmosphere ^Wch fulfills all of his 
requirements, all of the time.
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Controlled atmospheres for 
thermochemical surface engineering

Most of the development work on 
snrface engineering techniques 
has been carried out since the se
cond world war. Before that, at
tempts were made to obtain car
burised cases using such materials 
as chopped up leather offcuts and 
coal as pack carburising agents. 
Further development work led to 
pack carburising materials con
taining carbonate activators and 
salt bath compounds for carburis
ing or carbonitriding. The chief 
disadvantages of these methods, 
still in use, are the difficulty of 
maintaining good housekeeping 
and the poisonous nature of 
cyanide-based carbonitriding com
pounds. Further drawbacks in
clude reduced control and energy 
inefficiency in the use of pack car
burising compounds and the 
dangers of cyanide gas if acid, 
such as that from a pickling opera
tion. is allowed to contact the 
cyanide salt.

In terms of the mechanism of surface 
hardening, the processes involving carbon 
and nitrogen operate in a similar manner, 
that being the establishment of a gradient 

between the metal and the surrounding 
environment, the environment having a 
higher concentration of carbon or nitrogen 
than the workpiece. The addition element is 
absorbed at the workpiece surface, and by 
diffusion, creates a concentration gradient 
between the surface and the interior of the 
workpiece, as shown in figure 1. This indicates 
that two factors are responsible fox 
determining tlie case formation, namely the 
rate of absorption at the surface and the rate 
of diffusion of the absorbed species into the 
workpiece. The rate of absorption into the 
surface may be influenced by the. 
concentration, or more correctly, the activity 
of the hardening si»ecies in the atmosphere 
while the rate of diffusion of tin; absorbed 
species is influenced by the operating 
temperature. Once diffused into the steel the 
surface hardening effect is produced either by 
quenching or by reaction of the diffusing 
species with the steel to produce hard 
intermetallie phases.

Mechanism of carburising
In the carburising process, free carbon is 
absorbed into the surface of the steel 
workpiece by one of the following reactions. 

2CO = C,, + C02 (11
CH, - C^ + 2H2 [2]
CO + H2 - Cf.-t 2HiO (31

In which Q, represents carbon dissolved in
iron

Of the above reactions it has been found 
that the greatest contribution to the carburising 
process is made by reaction [31 This model 
applies to the atmospheres which contain 
significant amounts of carbon monoxide and 
hydrogen such as those commonly generated 
from cracked methanol (Endomix*). 
Atmospheres consisting of pure hydrocarbon 
gas or hydrocarbon gas diluted with nitrogen
Ttot *>tkV. witeii by P F SbrMOD o4 BOC Ltd. ittatyd * ytp»*. 
An r^od jetion 10 ccruroJlcc foe %ur*rc <nstrc\frr-j .
on&naffy prf»mirrf "t> |ht FirjT'by jnd ILmi p4.sr.vv whnmt ef 
N.H oral M-atcriah Week. .'<iKnnevbj» | by M J R*rWH»«fc nf Afto* ! ki

11 ■Inrnx 1* A itAcUttrAyk oi ROC |.t£.

(ft
CO
0)
c

T>V—
CO
X

Effective
Cane
Dnpih

Depth Tola!
Casr
Depth

• 1 Tola! and effective caw deplh

are controlled by other reactions. Since 
Endomix is the most commonly used 
carburising atmosphere this paper is limited 
to its consideration

The methanol dissociation reaction
When heated to above 750°C methanol 
dissociates according to the reaction — 

CH^OH — CO + 2H2
Thus the atmosphere consists of 66.67% 

H2 and 33.33% CO.
This atmosphere is commonly diluted with 

nitrogen in various ratios, greater carburising 
potential being provided by richer mixtures. 
For example, an atmosphere consisting of 
equal amounts of nitrogen and dissociated 
methanol wifi have a composition of 50% 
N2. 17% CO and 33% H2 It is found that 
this atmosphere has a carbon potential of 0 35 
— 0.45% at conventional carburising 
temperatures.

• 2 Carbon potential vs cat bon dioxide

Carbon potential
The carbon potential may be defined as that 
level o( carbon which would be present m a 
steel specimen allowed to reach equilibrium 
in a furnace atmosphere. The maximum value 
is tin* saturation concentration of carbon in 
austenite. The variation of carbon potential 
with COj content and dewpoint is shown in 
figures 2 and 3 respectively. These represent 
values for a conventional Endomix 
atmosphere containing 20% CO. 40% H? 
and 40% N2.

Considering the case of an atmosphere 
having a carbon potential of 0.4% and two 
steel samples having carbon contents of 0.1% 
and 0.8% C it is evident that the low carbon 
sample will be carburised until it attains 0.4% 
C while the sample containing 0.8% C will 
be decarbunsed until it too attains 0.4% C.

Carburising atmospheres
The principal components hi a gas carburising 
atmosphere are a mixture of carburising and 
decarburising agents, most commonly 
including carbon monoxide, carbon dioxide.

►

Carbon Potential {%)
1 ! j

Austenite ♦ Cementit©
Low Carbon 

Steel

in Degrees Celsius
iX.i-i.iK

)4 0.1 0.2 0.4 0.60 8 1
Percent CO? in Atmosphere
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Controlled atmospheres for thermochemical mtarface engineering

◄
Percent Carbon

CarbonAustenite + j 
C^mentite

0.6 Austenite ♦
FejrrTle-----

0.3-----

0.2 ---
Workpiece Temperatures 

in Degrees Celsius

-10 0 10 
Dew Point (Deg C)

• 3 Carbon potential vs dewpoint carbon or low alloy steel.

hydrogen, water vapour, nitrogen and a 
hydrocarbon gas such as methane or 
propane. It may be observed from reactions 
[1] [2] and [3] that CO*, Hz and HzO 
tend to force the reactions from right to left, 
that is they are decarburising agents while CO 
and CH4 are carburising agents.

In order to counteract the decarburising 
effect of CO2 and H2O a hydrocarbon gas 
such as methane or propane is added to the 
furnace atmosphere. It reacts, mainly at metal 
surfaces, with the carbon dioxide and water 
vapour to form carbon monoxide and 
hydrogen which then participates in the 
carburising reaction Thus the hydrocarbon 
gas is the ultimate source of carbon for 
carburising, carbon monoxide is the vehicle 
for its transference to the metal surface and 
the ratios of carbon monoxide to carbon 
dioxide and hydrogen to water vapour control 
the carburising potential.

Carburised cases are typically 1mm deep 
but can be up to 10mm on large components. 
To achieve the required hardening from oil 
quenching a low alloy steel is required.

Carboaitridiag

Carbonitriding is a case hardening process in 
which carbon and nitrogen are simultaneously 
absorbed into the steel surface. The carbon 
is obtained from a conventional gas 
carburising atmosphere.

The nitrogen is derived from an ammonia 
addition to the atmosphere. The ammonia 
dissociates at the work surface according to 
the reaction:

NH3 = ‘N’ + 1.5H2
The nascent nitrogen is absorbed into the 

steel simultaneously with the carbon though, 
because it has a greater atomic diameter than 
carbon, the rate of diffusion is slower.

Although carbonitriding is essentially a 
modified form of carburising, its applications 
are somewhat more restricted. Typically 
carbonitriding is carried out at a lower 
temperature than carburising, and for a 
shorter time in order to obtain a case shallower 
than normally obtained from gas carburising. 
Carbonitriding is mainly used to impart a hard, 
wear-resistant case, typically 0.075 0 75mm 
deep.

The nitrogen addition to the case gives a 
greater hardenability than a carburised case 
and so, for the limited case depth available, 
a carbonitrided case may be produced at less 
cost than a carburised case using either plain

Gas nitriding

Gas nitriding is a case hardening process 
whereby only nitrogen is introduced into the 
surface of a steel workpiece at temperatures 
between 495° and 565°C. Nitriding relies 
upon the affinity of nascent nitrogen for iron 
and other metallic elements such as 
aluminium, chromium, vanadium, 
molybdenum and tungsten. The nascent 
nitrogen is generated from the dissociation of 
ammonia at the surface of the workpiece.

Nitriding gives a high surface hardness, 
improves wear resistance, anti-galling 
properties, fatigue life and corrosion 
resistance. No quenching is required so no 
volume change due to phase transformation 
occurs and, because of the lower 
temperatures employed in nitriding than in 
carburising or carbonitriding, less distortion 
occurs than in the other processes. Some 
growth occurs during nitriding but the volume 
change is very small.

The nitrided case consists of two distinct 
zones — the outer zone consists of iron 
nitrides FSz sN and Fe4N, and is commonly 
referred to as the ‘white layer’. Underlying this 
outer layer is a nitrogen diffusion zone 
consisting of finely dispersed nitrides and 
carbonitrides. The hardness of this layer is 
increased with the formation of alloy nitrides 
of aluminium, chromium and molybdenum.

A disadvantage of the white layer is its

• 4 Epsilon compound surface layer produced 
by 2hr nitrocarburising at 700°C plus isothermal 

temper at 300°C

extreme brittleness, the white layer tending to 
chip and spall if its thickness exceeds 
0.07mm. Thick white layers are removed by 
grinding or lapping after nitriding.

The two stage or Floe process has the 
advantage of reducing the thickness of the 
‘white layer’. During the second stage, the 
temperature is usually raised to 550o-565°C 
and the rate of dissociation increased to 
60-85%. Generally an external ammonia 
dissociator is necessary to obtain the required 
higher second stage dissociation. An 
alternative method of controlling the white 
layer formation is to reduce the nitriding 
potential of the atmosphere by dilution of 
anhydrous ammonia with nitrogen. 
Atmospheres of 50% ammonia/50 % 
nitrogen have been successfully used with 
minimal white layer formation.

Ferritic nitrocarburising

Ferritic nitrocarburising describes a range of 
processes in which carbon and nitrogen are 
added into the surface of a steel component 
at temperatures of around 570°C. During 
ferritic nitrocarburisinq the nitrogen and 
carbon form layers of Fez 3C and Fe2 3CN 
(epsilon iron carbonitride) in the surface of the 
workpiece. This compound layer has high 
resistance to wear, scuffing and seizure, 
excellent corrosion resistance and good 
lubrication properties due to the microporosity 
which retains lubricant well.

Typically, ferritic nitrocarburising cycles are 
much shorter than nitriding processes, similar 
levels of wear resistance being obtained after 
2-3hr of nitrocarburising compared with those 
obtained after 60hr nitriding. Nitrocarburising 
atmospheres are traditionally based on endo
thermic gas/ammonia mixtures though nitro
gen/ammonia/carbon dioxide atmospheres 
have recently gained popularity.

Austenitic carburising

While ferritic nitrocarburising offers 
advantages in terms of low distortion over 
carbonitriding and a shorter processing time 
than nitriding, the treated parts have poor 
indentation resistance. A combination of 
indentation resistance with wear resistance is 
normally achieved by carbonitriding. 
Considerable problems exist, however, in 
carbonitriding thin components due to 
distortion. Typical components experiencing 
these problems are clutch plates and door 
latch parts. Austenitic nitrocarburising was 
developed to overcome these difficulties. The 
process is carried out at 700o-750oC in a 
nitrogen/dissociated methanol/ammonia 
atmosphere.

Carbon and nitrogen are simultaneously 
diffused into the surface to form an epsilon 
compound layer similar to that found in the 
ferritic nitrocarburised layer. A treatment of 
2hr at 700°C followed by an oil quench yields 
an epsilon compound layer 25-30 microns 
deep (figure 4), which gives the indentation 
resistance. The process thus produces the 
desired indentation and scuff resistance but 
with low distortion.

★

A wide range of thermochemical treatments 
can be carried out using controlled 
atmospheres based on industrial gases. The 
flexibility of such systems allows the user to 
design a surface with the characteristics 
required by the application and to meet those 
requirements in a cost-effecttve, consistent 
and safe manner. ■
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Carburising with
Non-cry ogenically-generated
Nitrogen and Methanol
P.F. STRATTON and Y. TSUJIMOTO BOC Gases

Although non-cryogenically-generated nitrogen has been 
employed as the basis of nitrogen/methanol carburising 
and hardening atmospheres for several years, the effect of 
the level of oxygen impurity present in the gas is still poorly 
documented. Studies have shown that small quantities of 
oxygen in nitrogen/methanol atmospheres degrade the 
carbon potential of the basic atmosphere and reduce the 
maximum carbon potential that can be achieved. The effects 
of these changes on control of industrial-scale carburising 
and hardening processes are less well understood. This 
paper explains the influence of small amounts of residual 
oxygen in non-cryogenically-generated nitrogen, discusses 
the impact on the carburising of steels in industrial condi
tions, and gives recommendations as to the maximum 
impurity level that should be used.

INTRODUCTION
Pure nitrogen from a cryogenic nitrogen generator, 
delivered to site as a liquid and stored in a vacuum- 
insulated vessel from which it is evaporated before use, has 
long been employed as the earner and purge gas for 
thermochemical treatments. More recently, it has been 
shown that lower-purity non-cryogenic nitrogen generated 
on-site can be used, often at lower cost1.
The basics of the operation of pressure swing adsorption 
(PSA) on-site nitrogen generators are very simple. Clean dry 
compressed air is passed through a bed of molecular sieve 
which adsorbs the oxygen, allowing the nitrogen to pass on 
to the process. When the bed is saturated, the pressure is 
released and the oxygen vented to atmosphere. Two beds, 
one producing nitrogen while the other is venting, provide a 
continuous supply. The separation is not 100% efficient and 
some oxygen remains in the process stream. As the cost of 
PSA-generated nitrogen rises with increasing purity, it is 
important to know the minimum purity that will produce 
acceptable product.
When used as the carrier gas for carburising, it has been 
suggested that nitrogen with up to 5% residual oxygen can 
be accepted, but with increasingly-restrictive changes being 
required to the processing parameters of the BOC Nitramix 
nitrogen/methanol atmosphere system (Table I)2.
The data in Table 1 imply that the minimum amount of

Table 1. Summary of the effects of oxygen in nitrogen on 
nrtrogerVmethanol carburising.

Residual
oxygen,

%

Minimum Increased
methanol, hydrocarbon,

% %

Change in 
control 

parameters

Increased 
carburising 
time, min

0-0.6 10 10 Insignificant -

0.6-1.0 30 30 Small -

1.0-3.0 60 60 Significant -

3.0-5.0 75 150 Large 30

Based on the paper presented at the Wolfson Heat Treatment Centre 
conference "Heat Treatment for the New Millennium", NAC, Stoneleigh 
Park, England, on March 22nd2000.



Carbon potential
% 0.6

Methane Carbon dioxide

99.999
Nitrogen purity, %

Fig A. The effect of nitrogen purity on the base nitrogen/methanol 
atmosphere at930°C.
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Fig.3. Internal oxidation ofSCMZO and SNCM420steels after 5 hours at 
930^0 as a function of atmosphere carbon monoxide content (constant 
carbon potential).

Table 2. Specification of the steels used in the carburising 
trials.

Steel %C %Si %Mn %P %S %Ni %Cr ^ %Mo

SCM420
(BS708M20)

018-0.23 0.180.35 0600.85 <0.03 <0.03 <0.25 0.81.2 0.180.30

SCR470 0.18-0.23 0.180.35 0600.85 <0.03 <0.03 <0.25 0.812 -

900 1

850 -

§.800 -

150 200 25
Processing time, minutes

FTg.4. Carburising cycle.

methanol required limits the amount of nitrogen (the 
cheaper constituent of the mixture) that can be used. 
However, optimum carburising performance requires a 
minimum carbon monoxide level of 10% and, in practice, no 
carburising atmosphere systems employ less than 15%C0 
(45% methanol), although less may be used for hardening3. 
Increases in the hydrocarbon addition required to reach a 
given carbon potential are small but may lead to sooting, as 
detailed below. Increases in carburising time increase the 
specific gas consumption and, although changes in control 
parameters have no ongoing cost implications, there is 
some initial cost in establishing the required set-points. For 
safety reasons, in the majority of heat treatment 
atmosphere applications, the residual oxygen level is main
tained at less than 1%4.

Base Atmosphere
Experiments under typical industrial conditions have shown 
that increasing the residual oxygen level in the nitrogen 
decreases the carbon potential of the basic nitrogen/ 
methanol atmosphere. Rg. 1 shows this effect at 930°C.

Maximum Carbon Potential
It has also been shown that the maximum attainable carbon 
potential decreases with increasing residual oxygen5. 
Results from a sealed-quench furnace, operating under 
typical industrial conditions with natural gas additions, are 
shown in Fig.2. Any attempt to exceed these carbon 
potentials results in sooting.

Internal Oxidation
It is well known that internal oxidation occurs during 
carburising in carbon monoxide containing atmospheres5. 
The amount of such oxidation increases with increasing 
carbon monoxide level as shown in Fig.3. It has been 
suggested that the internal oxidation is caused by reaction 
with carbon dioxide6, but a much more likely explanation is 
a reaction with oxygen diffusing down the grain boundaries. 
More oxygen is available at higher carbon monoxide levels 
as the oxygen potential required to maintain a given carbon 
potential increases with increasing carbon monoxide. 
Internal oxidation may only be avoided by carburising in the 
absence of oxygen-bearing compounds as, for example, 
occurs in plasma carburising7. It has been suggested that 
decreasing nitrogen purity leads to increasing internal oxi
dation by direct reaction of the free oxygen with the steel 
before it can take part in the slow reactions that buffer it in 
carburising atmospheres.

CARBURISING TRIALS
Although the process parameter modifications required for 
very low nitrogen purities are significant, it was considered 
unlikely that the effect of low impurity levels would have 
any practical implications under normal carburising 
conditions. In order to determine the maximum impurity 
level that can be tolerated without any significant effects on 
the process or the properties of the finished product, two 
typical carburising steels (Table 2) were treated using a 
range of nitrogen purities and the properties of the cases 
produced examined.
Carburising was carried out in a Chugai Ro High Shifter 
HFC-SEC^/12 sealed-quench furnace. The same processing 
cycle, shown in Fig.4, was used for all the treatments and 
was followed by a two-hour temper at 180°C. The 
carburised samples were examined for effective case depth, 
using hardness traverses, surface hardness and grain
boundary oxidation. Three samples of each material were 
processed and the results averaged.
Photomicrographs, showing both the case structure and the 
amount of internal oxidation are presented for SCM420 in
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Fig.5. The hardness profiles are recorded in Fig.6 and the 
results are summarised in Fig.7.
It can be seen clearly from Fig.5 that there is no significant 
difference in the case structure or the (morphology of the 
intergranular oxidation for the different nitrogen purities 
used for processing. Nor is there any trend in the hardness 
gradients imparted by the different treatments {Fig.®. 
However, evaluation of the case depth to 550HV, the surface 
hardness, measured using a Rockwell hardness tester, and 
the depth of the intergranular oxidation, summarised in 
Fig.7a, suggests that, for SCM420. there is some slight 
degradation in properties for samples processed using 99% 
purity nitrogen compared with those treated with the 
higher-purity gas.
Similar trends are evident in the data for SCR420 steel 
shown in Fig.7b, although there is no increase in the depth 
of penetration of intergranular oxidation, even when the 
most impure nitrogen was used.The differences in depth of 
internal oxidation are probably not statistically significant 
for either steel and are within experimental error. This 
suggests that, for the levels of nitrogen purity investigated, 
all the oxygen present is fully reacted in the gas phase prior

As sample preparation, sample material, furnace 
temperature and carbon potential of the atmosphere were 
constant in all the treatments, the mechanism for the 
reduced case depth and associated reduced Rockwell C 
surface hardness must be sought elsewhere. It is well 
known that, in carburising, the rate-limiting factor in the
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Fig. 7. Summery of results for (a) SCM420 and (b) SCR420.

initial hour or so is the mass-transfer coefficient p.The value 
of p reflects the general result of the interaction between the 
furnace atmosphere and the component surface at the 
gas/solid interface. It can be influenced by surface effects, 
such as the presence of absorbed species like oxygen, or by 
changing atmosphere chemistry.The carbon potential, and 
hence the oxygen potential, was controlled during the 
experiments and it is therefore unlikely that oxygen in the 
surface layers was the cause of the differences. It was noted, 
however, that a significant increase in the amount of 
hydrocarbon addition was required for the treatments using 
99% purity nitrogen (Table 3) and it is the resultant increase 
in methane in the atmosphere which may have promoted a 
change in p.
An alternative explanation is that the presence of internal 
oxidation at the grain boundaries lowered the diffusion 
coefficient of carbon. This is unlikely as the results (Fig.7) 
show no significant increase in intergranular oxidation with 
decreasing nitrogen purity.
A third explanation, that of simple dilution, seems the most 
likely.The activity of carbon (ac), and hence carbon potential 
of an atmosphere, is related to the partial pressure of both 
oxygen and carbon monoxide as described in the equation:

a0 = K • pCO

PA°z

Thus, if the carbon monoxide partial pressure in the 
atmosphere is reduced by dilution by the addition gas, then 
the carbon potential of the atmosphere for a given oxygen 
control point will be less, resulting in a shallower case 
depth. As the dilution effect is more significant at the start of 
the cycle and for higher carbon potentials (7ab/e 3), there is 
little effect on final surface carbon.
If the above is indeed a full explanation of reduced case 
depth and surface hardness produced by processing in an

Table 3. Addition gas requirements.

Nitrogen
purity

(%)

Range of addition gas 
valve opening to 

maintain 0.75% carbon 
potential 

(%>

Range of addition gas 
valve opening to 

maintain 1% carbon 
potential 

(%>

Range of addition gas
valve opening to 

maintain 1% carbon 
potential at start of cycle 

(%)

99999 4-10 75-13 13-17

9999 3.5-9.5 6-12 16-18

99.9 4.5-9 8-14 12-18

99 9-16 16-22 25-30

cc 61 5

% 60.5

9999 99.9
Nitrogen purity, %

99 999

atmosphere based on 99% purity nitrogen, then a 
compensating factor can be applied to the control 
parameter used to counter its effect 
Other studies have shown that, in industrial applications, 
the optimum economic benefit is derived from the use of 
atmospheres based on 99.5% purity nitrogen2. This study 
confirms that the use of atmospheres based on such lower- 
purity nitrogen for carburising has no significant effect on 
the properties of the carburised components.

CONCLUSION
Lower-purity nitrogen derived from a non-cryogenic 
nitrogen generator can be successfully used as the carrier 
gas for carburising and hardening in nitrogen/methanol 
atmosphere systems. No degradation of properties occurs 
when employing purities down to 99.9%. The use of 99% 
purity nitrogen requires minor adjustments to the carbon 
potential control parameters in order to obtain similar 
properties. It is recommended that for most applications, 
99.5% purity gas is used.
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Rare Earth Carburising in Nitrogen/Methanol Atmospheres

by

P F Stratton and E K Chang (BOC Gases)

Abstract

Higher carburising temperatures are effective in reducing processing time but they produce excessive 
grain growth and dimension instability. Since the early 1980s Chinese researchers have reported that 
various rare earth additions to tire furnace atmosphere accelerate carburisation and improve 
hardness. Mass transfer, surface and sub-surface reactions were suggested as possible mechanisms 

responsible for the benefits.

The work in China, however, was all earned out using 100% cracked methanol atmospheies lathei 
than tire nitrogen/methanol or endothermically generated atmospheres used in the West. In addition 
few control parameters had been developed These factors, together with tire non-availability of the 
rare earth addition material in tire West, have impeded take up of tire process by tire Western heat 

tieathrg industry.

This paper describes work earned out to determine the effectiveness of tire rare earth process using 
a typical nitrogen/methanol atmosphere and to determine if modifications are required for oxygen 
probe control systems. The results partially support tire earlier Chinese work with regard to 
increased case depths and improved case properties, but suggest an alternative mechanism for the 

improvements.

Introduction

The ASM Heat Treating Committee Roadmap states that is highly desirable to reduce the time taken 
for the carburising process. Using a higher processing temperature is effective, but results in 
excessive grain growth and dimensional instability [1]. Since the early 1980s Chinese researchers 
have reported success in the quest to reduce the processing time or temperature by using various 
rare earth additions to the furnace atmosphere [2]. Accelerated carburisation and improved case 
properties have been widely reported [3]. Improvements in case depth of up to 30% have been 
reported with more typical increases of around 20% [4]. As tire process works throughout tire 
temperature range tire gain can be taken either as a speed improvement at typically used carburising 
temperatures or, as is almost exclusively the case in China, as a reduced energy requirement and 
prolonged heating-element life by reducing the processing temperature.

However, all the work relating to carburising has been carried out using 100% cracked methanol 
atmospheies, typical of those used in China, rather than the nitrogen/methanol or endothermically 
generated atmospheres used in the West In addition the work has been carried out exclusively 
using Chinese steels which could contain higher levels of copper and aluminium, which reduce the 
hardenability. Few, if any, atmosphere control parameters exist, making control of caibon potential
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difficult These factors, together with the non-availability of the rare earth addition material in the 
West, have impeded take-up of the process by the Western heat treating industry.

As part of a complete experimental programme to validate the Chinese work in Western conditions, 
a series of experiments was carried out in China using samples from Wuhan Steel, where 
concentrations of copper and aluminium are <0.2% and 0.03% respectively, but processed in a 
nitrogen/methanol based atmosphere.

Experimental

The carburising atmosphere used in this study was a nitrogen/methanol based system (~ 40% 
nitrogen). The methanol delivery system employed a spray-nozzle (Spraying Systems Co., 
Wheaton, IL) with the methanol supplied at pressure to the central orifice where it was atomised by 
the surrounding nitrogen stream. When required,the “rare earth fluid” (supplied by Harbin Institute 
of Technology) was dissolved in the methanol. The atmosphere composition was monitored with a 
CO/CO2/CH4 infrared detector as well as an oxygen probe (Furnace Control Corp.) and was 
controlled by adjusting both methanol delivery pressure and nitrogen pressure to obtain ~20% 
carbon monoxide. This overall atmosphere supply system is shown in Figure 1. The three-way 
valve included was an important feature to ensure that nitrogen purging began when the methanol line 
was shut off. This arrangement ensured the cleaning of methanol line downstream of the valve to 
prevent clogging or overheating near the nozzle tip when the system was shut down.

Pressure
Gauge

Liquid
Nitrogen

Pressure
Gauge ^ FlowmeterFlowmeter

Line

Pressure
Gauge

Refractory
Furnace
WallNitrogen Methanol Nitrogen

Figure 1 Schematic of experimental equipment
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A Feng-Dong box ftunace (with four radiant tubes and internal dimensions of 560 mm x 660 mm x 
300 mm) was used for this study. A cone-shaped hole was bored through the refractory wall (200 
mm thick) of the finoace for the atomising nozzle and its water-cooled jacket Three steel 
compositions were studied: 20# (SAE1020), 20CrNiMo (SAE8720) and 15CrNi3Mo 
(SAE9315). The samples were carburised at 860°C and 920°C for various time periods (0.5 to 4 
hours) without adding rare earth, to establish the baseline. The samples were then carburised under 
tire same conditions with a “rare earth fluid” addition.

Iso-propanol was used as tire enriching gas to fix the carbon potential at around 0.95%. While 
controlling the carbon monoxide content of near 20%, typically 0.1- 0.2% C02 and -4% CTb were 
measured Steel shim strips (SAE1010 steel, 0.1 mm by 15 mm by 150 mm) were pulled out from 
time to time in order to determine the carbon potential by weight gain. One sample of each 
composition was removed through a side port after being carburised for 0.5, 1,2, 3, and 4 hours, 
quenched, polished, and micro-hardness profiles obtained

Results

15CrNi3Mo steel at 860°C

The hardness traverses for 15CrNi3Mo low alloy carburising steel treated with and without “rare 
earth fluid” additions to tire atmosphere for times of between 0.5 and 4 hour's are shown in Figure 2. 
It can clearly be seen that both the surface hardness and the effective case depth for the rare earth 
treated samples are consistently higher than the samples treated without rare earth. As previously 
stated, an oxygen probe was used to monitor/maintain tire atmosphere carbon potential at an 
expected 0.95% carbon by manually adjusting the addition of tire emiching gas. The carbon 
potential obtained by analysing tire shim samples, however, indicated slightly higher values. This 
could be a result of tire small steel/ftmrace volume ratio. All carbon potential values included here 
refer- to Arose measured from tire shim samples. Although those for tire rare earth treated samples 
were slightly higher (1.01 to 0.94% carbon) than the non-rare earth treated samples (0.96 to 0.92% 
carbon) tire difference is insufficient to account for the observed differences in properties. A plot of 
effective case depth against the square root of carburising time (Figure 3) shows a consistent 
increase hr case deptir of 25%. Total case depth is however almost tire same for both treatments 
and in line with industry standard data [1],
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Figure 2. Hardness profiles for 15CrNi3Mo carburised for various times at 860°C with and 
without rare earth additions.
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Figure 3. Carburising rate of 15CrNi3Mo at 860°C 

20CrNiMo steel at 860° C

The data trends for 20CrNiMo low alloy caiburising steel were almost identical to that for 
15CrNi3Mo except that the case depths were slightly higher due to the higher hardenability of this 

steel (Figure 4).

with rare earth 
without rare earth

0.4-

0.3-

o.i-

Figure 4. Carburising rate of 20CrNiMo at 860° C 

20# steel at 860°C

The hardness traverses for 20# low carbon steel treated with and without “rare earth fluid” additions 
to the atmosphere for times between 0.5 and 4 hours are shown in Figure 5. The effect of the Tare 
earth fluid” treatment is much less than for 15CrNi3Mo (q.v. Figure 2). Figure 6 shows that for this 

steel the improvement in case depth is only 14%.

15CrNi3Mo steel at 920°C

The hardness traverses for 15CrNi3Mo low alloy carburising steel treated with and without ‘Tare 
earth fluid” additions to the atmosphere for times between 0.5 and 4 hours are shown in Figure 7. It 
is obvious from the 3 and 4 hour results that the carbon potential used for these trials was well rn 
excess of the optimum for the steel concerned, resulting in the formation of large amounts of retained 

austenite
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The higher levels shown in the samples processed without rare earth additions suggested that the 
carbon potential during this processing was much higher than during the rare earth processing. This 
is confirmed by the shim steel samples with results in the range 0.76 to 0.85% carbon for the rare 
earth processing and 1.05 to 1.1% carbon without rare earth.
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• with RE

Distance to surfacetmm)

Distance to *urface(rmn)
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Figure 7. Hardness profiles for 15CrNi3Mo carburised for various time at 920°C with and without 
rare earth additions.

It was noted that for the same oxygen probe output the methane levels in the atmosphere were much 
lower during rare earth processing indicating that a smaller hydrocarbon addition was required to 
maintain it It must therefore be concluded that the addition of the “rare earth fluid” to the 
atmosphere modified the relationship between oxygen probe output and carbon potential with a 
much higher voltage being required for a given carbon potential in the presence of the rare earth 
addition. As was noted above this effect was minimal, if not slightly reversed, at 860°C but so
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significant at 920°C as to mask any difference generated by the rare earth addition at this 
temperature.

20CrNiMo and 20# steel at 920° C

The data trends for 20CrNiMo low alloy carburising steel and 20# low carbon steel were almost 
identical to that for 15CrNi3Mo.

Discussion

It is evident from the above that the experimental technique used was flawed in that the presence of 
the “rare earth fluid” affected the chosen carbon control device. The differences in caibon potential 
generated between the rare earth and non-rare earth treatments at 920° C were such that no 
conclusions can be drawn beyond the fact that further studies are required to generate carbon 
control data at this temperature. Further discussion will therefore be limited to the results obtained 
at 860°C.

Figures 8 and 9 show the microstructue of the 20CrNiMo samples after carburising with and 
without “rare earth fluid” additions. It is evident that the martensite in the cases of the samples 
treated with “rare earth fluid” additions is significantly finer than that in the cases of the non-rare 
earth treated samples no matter what the treatment time. It can also be seen that approximately the 
same low level of retained austenite is present in both rare earth and non-rare earth treated samples 
after four hours, confirming that the carbon content of the cases are the same. It must therefore be 
concluded that the improved case properties is due to the refinement of the martensite.
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Figure 8. The microstructure of the cases of 20CrNiMo treated without “rare earth fluid” additions 
for various times.

Several explanations have been put forward for the effect of “rare earth fluid” additions in 
carburising [5], The first is that the rare earth improves the diffusion coefficient of the steel. It is 
suggested that traces of rare earth elements can diffuse into the steel surface during processing. The 
rare earth is said to diffuse at a relatively high speed along the grain boundaries. The concentration 
gradient therefore builds not only from surface to core, but also between inner grain to grain 
boundary. While diffusing from surface to core, the rare earth also diffuses from the grain boundary 
into grain along dislocations. It has been calculated from energy data that rare earth atoms with 
laige radii could diffuse via vacancies or vacancy-pairs forming a solid solution in the iron lattice [6], 
As the lattice around iron atoms distorts, interstitial atoms will segregate near these distorted areas to 
form clusters like G-P zones. The carbon atoms then diffuse rapidly along these distortion paths. 
When the concentration of carbon reaches some critical value these distortion zones nucleate the 
precipitation of fine and dispersed carbides which refine the martensitic structure and improve its 
properties

Looking again at Figure 2 it is evident that the total case depth achieved with and without the 
addition of the “rare earth fluid” was almost the same for each treatment time. This indicates first 
that the slight differences found in carbon potential probably had no effect on the results and second 
that the addition of the “rare earth fluid” did not affect the overall diffusion coefficient in arty 
significant way. Oranges in tire overall diffusion coefficient can therefore be eliminated as the
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mechanism for hie improved case properties. This view is supported by analysis by glow discharge 
spectrometry, optical spark emission and secondaiy ion mass spectroscopy of a commercially rare 
earth treated gear- winch Med to find any trace of rare earth elements in the case. However, some 
rare earth compounds were identified at the surface using the Millbrook Chemical Microscope [7], 
Tins finding must also throw doubt on the claim that the inward diffusion of rare earth elements is the 
cause of the improvement in case properties produced by hie addihon of the ‘Tare earth fluid”.

Another explanation of hie effect of hie ‘Tare earth fluid” is that it increases hie surface mass transfei 
coefficient p. It is suggested that the mechanism accelerating hie boundaiy reactions mainly depends 
on the rare earth atom's behaviour in the specimen surface. Rare earth atoms are ~40% larger than 
iron atoms. When a new rare earth atom in hie atmosphere is adsoibed in hie surface, a large 
distortion is produced in hie smiounding iron lattice, winch increases hie surface energy and 
activates the surface. The driving force for capturing carbon atoms is enhanced and p is greatly 
increased Interstitial atoms such as carbon segregate around the distorted area to fomi G-P zones. 
In this way the saturated concentration of carbon is reached sooner and hie corresponding 
concentration gradient builds more rapidly.

If hiis were hie case then it would have been expected that a proportionately larger increase in hie 
case depth would be achieved at short caiburising times becoming a proportionately smaller 
increase at longer carburising times as hie carbon at hie surface came into equilibrium with the 
carbon potential. Examination of Figures 3, 4 and 6 shows this not to be hie case in hiat the case 
dephi improvement produced by processing with ‘Tare earth fluid” additions increases with 
increasing processing time. Therefore, even though rare earth elements have been found to be 
present at hie sample surface, increasing P can be eliminated as the mechanism for the increased 

case depth.

A third explanation is that the rare earth catalyses the formation of active species in the furnace 
atmosphere resulting in higher carbon potentials. This explanation was eliminated by hie 
experimental method in which the carbon potential for both rare earth containing and non-rare earth 
containing atmospheres were controlled at the same level. The reason for the apparent change in 
carbon potential reported by some workers is suggested below.

Having eliminated all the previously suggested mechanisms, the fact remains that an improvement 
does occur when ‘Tare earth fluid” is added to the furnace atmosphere during carburising. To 
elucidate Are matter hie nature of the ‘Tare earth fluid” itself must be examined All the “rare earth 
fluid” used in Chiiia is derived fiom Harbin Institute of Technology. The composition of foe fluid is 
not known but the rare earth compounds it contains are soluble in methanol. The most obvious 
compounds that would be soluble in methanol would be nitrates.

If this were foe case, then the mechanism for the improvements in case properties could be 
explained in terms of nitrogen transport It is suggested that foe rar e earth nitrogen contaming 
compound in foe ‘Tare earth fluid” are relatively stable in the fiunace atmosphere but decompose at 
surfaces, releasing foe nitrogen. By fois mechanism a small amount of ‘Tare earth fluid’ could 
generate a relatively high nitrogen potential even at temperatmes higher foan is possible using 
ammonia. The nitrogen then diffuses into foe steel. It is well known that the presence of nitrogen 
increases the diffusion coefficient of carbon in steel, refines the case structure and produces higher 
hardnesses. This is particularly applicable to Chinese steels which contain relatively high residual 
levels of copper and aluminium, typically 0.2% Cu and 0.03% A1 in low carbon steels, reducing
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hardenability. This theory is supported by chemical analysis of the case of a gear sample (Figure 8) 
from a production batch treated by rare earth carburising [7].

RE-carburised gear

Depth (mm)
Figure 7. Chemical analysis of a rare earth carburised gear sample.

As the nitrogen does not diffuse as fast as the carbon, only the effective and not the total case depth 
is affected. The theory also explains why the rare earth process has more effect on low alloy steels 
than of mild steels (Figures 3 and 6) as the increase in hardness produced by the nitrogen are higher 
when nitride forming elements are present

The theory can also be used to explain other aspects of these and other experiments. When the rare 
earth nitrogen containing compound breaks down at the surface the most likely compound to be 
formed is an oxide. This explains the typical colour of rare earth treated parts and the accumulations 
of grey dust found in atmosphere sampling systems. Such grey layers have also been observed on 
the surface of oxygen probes after rare earth treatments have been carried out The presence of the 
layer on oxygen probes may also explain the apparently higher carbon potentials seen in some rare 
earth treatments which are reported to persist even after the use of rare earths ceases. The rare 
earth oxide catalyses the gas reactions at the surface of the oxygen probe decreasing the free oxygen 
and increasing probe output for a given bulk atmosphere carbon potential.

Improvements in other processes such as carbonitriding, nitrocarburising and nitriding can be 
explained by the same nitrogen transport mechanism . However, it is much more difficult to prove in 
these cases due to the presence of nitrogen bearing compounds, usually ammonia, in these 
atmospheres which also contribute to the nitrogen potential.

Conclusions

This study confirms that the addition of Harbin Institute of Technology’s “rare earth fluid” to 
carburising atmospheres increases effective carburising rate by 25% for low alloy steels at 860°C 
and improves case hardness. The mechanism for this improvement is the high nitrogen potential 
generated at the steel surface by the rare earth nitrogen containing compounds in the “rare earth 
fluid”.
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High temperature carbonitriding

Abstract

It is well known that caibonitiiding can bring benefits compared to standard carburising 
particularly for shallow case depths. Hie major benefits are an increased effective case 
depth in a given time and a higher case hardenability. Hie major drawbacks of the process 
are that it can only be earned out at relatively low temperatures so that using ammonia as the 
source of nitrogen the time required to achieve deeper cases can be significantly longer than 
for the equivalent higher temperature carburising process. If caibonitriding is to be effective 
at higher temperatures another source of nitrogen is required that will still be available at the 
higher processing temperatures so that it can produce the nascent nitrogen necessary for 
diflusion

Several sources of nitrogen were investigated One was found that gave a produced a 
significant carbonitriding effect at higher temperatures. SAE8720 and SAE9315 were 
carburised and carbonitrided raider the same conditions and the case depths compared 
Caibonitriding with the new nitrogen source was found to increase the effective carburising 
rate by about 15% at case depths of around 0.75nmi with higher values for shallower cases.

Introduction

It is well known that caibonitriding can bring benefits compared to standard carburising 
particularly for shallow case depths. Hie major benefits are an increased effective case 
depth in a given time, a higher case hardenability so that lower alloy steels can be used when 
core hardness is not important and an increased resistance to temper softening [1]. Hie 
major drawbacks of the process are that it can only be carried out at relatively low 
temperatures so that the time required to achieve deeper cases can be significantly longer 
than for die equivalent higher temperature carburising process and that the sour ce of nitrogen 
is ammonia which is highly toxic.

Caibonitriding cannot be carried out at high temperatures because ammonia cracks readily 
in the atmosphere at higher temperatures so that little remains to crack at the steel surface 
and provide the required nitrogen Hie fall in residual ammonia under equilibrium conditions 
with increasing temperature, shown in Figure 1, is not the whole story as the cracking 
reaction is not very fast, but it does indicate the problem. Practical experience suggest that 
above 900°C caibonitriding is ineffective.
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Figure 1. The residual ammonia in thermally dissociated ammonia under equilibrium 
conditions [2].

If carbonitriding is to be effective at higher temperatures another source of nitrogen is 
required Candidate compounds are those where the nitrogen is more tightly bound resulting 
in an either slower reaction or one with an equilibrium which is more favorable to the 
compound than ammonia so that there is more compound available to crack at the steel 
surface to produce the nascent nitrogen necessary for diffusion. In addition the compound 
should be deliverable, preferably either as a gas or dissolved into one of the atmosphere 
precursor liquids; be non-toxic; and have a cost of die same order as the atmosphere 
constituents currently in use.

It has been suggested that high temperature carbonitriding is the mechanism behind the 
reported success of rare earths in increasing carburising rate [3]. However, rare earth 
compounds are expensive and in short supply outside China where the process was 
developed, so an alternative was sought

Equipment and control validation

The furnace is a small sealed box type controlled by a computer. The control system is 
shown schematically in Figure 1.
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Figure 1. System schematic

A Marathon Tempno controlled the temperature and a Marathon Caibpro controlled the 
carbon potential (Figure 2). Both the controllers were supplied by Marathon Monitor Inc., 
USA. A computer recorded the processing parameters and a typical output is shown in 
Figure 3. The top line is the carbon potential (%C), the middle one temperature (°C) and 
the bottom one carbon potential control output (%valve opening).

Figure 2 Carbon control equipment from Marathon Monitor Inc.



Fig 3. A typical process record

A standard thermocouple (type S) was used to check the precision of temperature control. 
The temperature was controlled within ±1°C. The precision of carbon potential control was 
tested using the “thin iron chip" method. After several iterations of testing and adjustment 
of the controller the results shown in Figure 4 were obtained It was concluded that carbon 
control could be maintained within ±0.05%C.

0 8-

0 6 -

the screen Cg (3(C)

Figure 4 Actual v predicted carbon potential



Initial testing and results

The carburising atmosphere was derived from a mixture of methanol and isopropanol which 
cracks in the furnace at the processing temperature to give a mixture of carbon monoxide 
and hydrogen together with small quantities of water vapor, carbon dioxide and methane. 
The carbon potential is controlled by altering the ratio of methanol to isopropanol. Although 
computer controlled this ratio was typically 2:1 at the carbon potential used

A wide range of materials were considered as an alternative to ammonia. The list was 
initially screened for solubility in methanol, toxicity and cost Those that remained were 
tested at 920°C. Formamide was found to be the most promising material as an low 
toxicity, low cost alternative to ammonia as the source of nitrogen.

To confirm the initial screening various additions of formamide were added to the 
isopropanol and samples were carbonitrided for 1, 2 and 4 hours with and without the 
additions. These preliminary experiments at 920°C were carried out with two steels - SAE 
8720 and SAE 9315 - with a 25% formamide addition. After treatment the samples were 
sectioned and the case depths assessed. The results are shown in Figures 4 and 5 for SAE 
8720 and SAE 9315 respectively.

Figure 5 The case of SAE 8720 specimens carburised for different times, with (right side) 
and without (left side) formamide (lOOx). From top to bottom Ih, 2h, 4h and 8h (without 
formamide only). The white bars indicate the position of the case/core interface.



Figure 6 The case of SAE 9315 specimens carburised for different times, with (right side) 
and without (left side) formamide (lOOx). From top to bottom Ih, 2h, 4h and 8h (without 
formamide only). The white bars indicate the position of the case/core interface.

Table 1 Estimated case depths (mm)

Time (h)
carburised

9315
carbonitrided carburised

8720
carbonitrided

1 0.48 0.6 0.355 0.523

2 0.83 0.93 0.705 0.815

4 1.28 1.37 0.95 1.03

8 1.7 1.23

As can be seen from Table 1 the addition of formamide significantly increased Are rate of 

case formation

Detailed investigation and results

In order to more closely mimic typical carburising practice in the West the experiments in the 
second more detailed phase were earned out using 40% nitrogen/60% cracked methanol 
atmosphere. Isopropanol was used as the carbon control fluid as no gaseous hydrocarbons



were available at the required purity. The formamide was added to the methanol so that the 
proportion remained constant during each experiment Only one steel, SAE 8720, was 
tested to reduce the size of the experimental matrix. Samples were treated for 1,2 and 4 
hours at temperatures of 850, 900, 925 and 950°C with formamide concentrations of 0, 5, 
10,15 and 20%. It should be noted that the formamide replaced methanol so that the 
carbon monoxide level remained essentially constant and caibon control was therefore 
unaffected by the change. A carbon potential of 0.8% was used for all the experiments

The samples were oil quenched directly following carburising. Case depth was determined 
by hairiness traverse on a section. Photomicrographs of polished and etched samples were 
taken. A typical set of case depth measurements is shown in Figure 7 and the associated 
photomicrographs in Figure 8.

-A-10%

♦ 20%

depth(um)

Figure 7 Hardness traverses for samples treated with various formamide additions at 
925°C for one hour



Figurc 8 Photomicrographs of samples treated with various formamide additions at 925° C 
for one hour

From the hardness traverses the case depths at 550 HV were detennined for each sample. 
There was considerable variability in the data obtained so it was necessary to use the whole 
data set to check for statistically significant effects from the formamide additions. All the 
case depth data was first normalised to a 900° C processing temperature using the 
equilibrium constants derived by Harris [4]. From die plot of that data shown in Figure 9 it 
can be seen that the trend towards deeper case depths with increasing formamide addition is 
constant and independent of processing time.
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Figure 9 The effect of formamide addition on case depth for various times

By normalising the same data set using Pick’s Law [5] to eliminate the effect of processing 
time it was possible to determine the effect of processing temperature. The resultant plot is 
shown in Figure 10 and it can be seen that tire effect of increasing formamide addition on 
case depth is independent of processing temperature.

S 500

S 400

°/o Formamide

Figure 10 The effect of formamide addition on case depth for various temperatures

Normalising the whole data set for both time and temperature (2 hours at 900°C) and 
plotting tire result against formamide addition showed that, on average, every 1% formamide 
addition increased the case depth by 2.76 pm on a base of 385 pm without any additions.

The data showed that the surface hardness also increased with formamide addition.



However, as might have been expected there was no consistent effect of either processing 
time or processing temperature on surface hardness. A plot of all the data, uncorrected for 
time or temperature showed that, on average, every 1% fomiamide addition resulted in an 
additional 2.62 HV on a base of 844 HV without any additions.

This reduction in processing time is slightly less than that found for rare earth additions to the 
carburising atmosphere when carburising tire same material as previously reported [3], 
However it still equates to a reduction in carburising time of almost 20% for a 20% 
fomiamide addition (the maximum used in these experiments).

Conclusions

Fomiamide is an effective accelerant for the carburising process. 1% foimamide addition 
increased the case depth by 2.76 pm on a base of 385 pm without any additions and tire 
surface hardness by 2.62 HV on a base of 844 HV without any additions. Tire 
improvement is equivalent to a reduction in carburising time of about 20%.
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Abstract

It has been established at laboratory scale that carbonitriding can be achieved at the higher 
temperatures normally associated with carburising when formamide is the source of nitrogen. The 
major benefits compared to standard carburising are an increased effective case depth m a given tune 
and a higher case hardenability. Production scale trials were required to establish if tire process could 
be successfully scaled up.
These trials were carried out in a Chugai Ro High Shifter HFC-SEC-M2 sealed quench furnace at 
BOC’s former Development Laboratory in Amagasaki, Japan. Standard furnace loads were 
processed with and without a 20% fomiamide addition to the methanol in a 40/60 nitrogen/methanol 
base atmosphere using either propane or air to control the carbon potential. The results for SS400 
steel clearly showed that there was a significant advantage to adding formamide during carburising at 
9257C and that tire mixture could be used as a less toxic alternative to standard carbonitriding at 

850?C.

1. Introduction

Experiments at Shanghai Jaiotong University using a small box furnace showed that on a laboratory 
scale formamide is an effective accelerant for the carburising process at temperatures up to 9407C 
[1]. On average a 1% fomiamide addition increased the case depth by 2.76 gm on a base of 385 pm 
produced without any additions and the surface hardness by 2.62 HV on a base of 844 HV (Fig. 1). 
The improvement using a 20% formamide addition was shown to be equivalent to a reduction in 
carburising time of about 20%. Analysis of the cases produced revealed a significant amount of 
nitrogen diffusion and an increasing depth of carbon diffusion with increasing formamide addition [2].
It was not immediately obvious if these results could be applied to Western industrial production. First, 
the furnace used was very small so that the point at which the methanol/formamide mixture thermally 
cracked was very close to the surface of the steel. It was therefore possible that short-lived species 
were reacting with the steel that would not survive at the steel surface in a large industrial furnace. 
Second, the steels tested were of Chinese manufacture and had high residual aluminium contents, 
which limited hardenability. This may have increased the effect of the nitrogen on case depth as 
measured by hardness traverse. Finally, because of the manual nature of the experimentation, 
particularly with regard to quenching, there was significant scatter in the results, as shown in Fig. 1.

1
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Figure 1. The effect of formamide additions on case depth for samples processed for 2 hours at 900?C

Trials were therefore carried out in a production size Chugai Ro High Shifter HFC-SEC-M2 sealed 
quench furnace (Fig. 2) at BOC’s Development Laboratory in Amagasaki, Japan. High quality 
Japanese steels were used as test pieces and all the processing variables were kept constant using 
PLC control.

Figure 2. Chugai Ro High Shifter HFC-SEC-M2 sealed quench furnace

2. Experimental

Everything possible was done to ensure consistent process parameters. Each load was an identical 
mixture of fresh mild steel bar and rod with 5 samples (25 mm dia x 50 mm long) of SCM420 bar 
(0.18-0.23% C, 0.9-1.2% Cr, 0.15-0.3% Mo - equivalent to SAE 4130H) one at each comer of the 
basket and one in the centre. Samples of mild steel (SS400 - equivalent to SAE 1015) were also 
placed in each basket so that they could be used to check case hardenability. The furnace was PLC 
controlled. The carbon potential (CP) was controlled by a unit processing information from an oxygen 
probe. However, its output was cross-checked with a unit measuring carbon monoxide and carbon 
dioxide. Each load was given the same cycle shown in Fig. 3. Between cycles the basket was bumt- 
off to ensure a consistent starting condition.

2
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Figure 3. Processing cycle

However, some variations were unavoidable. The nitrogen flow rate was kept constant dining all the 
tests but the flow of methanol or methanol/formamide mixture was adjusted to give 20% CO (cross
checked by two analysers) at the start of each run. This was essential if the carbon potential was to 
be accurately calculated. As methanol and the methanol/formamide mixture have different densities, 
the same flow meter setting could not be used. In addition the mode of supply of the methanol and 
methanol/formamide mixtures was different. The methanol was pumped from a bulk storage facility 
but the methanol/formamide mixture - premixed to give 20% formamide by volume - was fransferred 
using nitrogen pressure from a pressure vessel close to the control panel. During the period of the 
trials no nitrogen bubbles caused by dissolved nitrogen were observed in the flow meter.
It was noted that when the furnace was idling without a load present the carbon potential of the 40/60 
nitrogen/methanol atmosphere was approximately 0.75%, so propane was added during processing to 
control the potential. However, for the nitrogen/methanol/formamide atmosphere - in common with 
observations for normal carbonitriding atmospheres - the measured carhon potential was higher at 
0.91% so air had to be added to achieve control below this equilibrium figure and propane above it. 
Initially two runs were carried out for each processing time (2 hours and 4 hours), with and without the 
formamide addition and at a measured 0.8% carbon potential and the processing parameters were 
recorded. Once it had been established that the pairs of runs gave consistent results only one run was 
carried out for each condition. Further runs were carried out to establish control parameters and the 
effect of carbon potential on the process.
After quenching, the SCM420 and SS400 samples were tested for surface hardness using a Rockwell 
Hardness Tester, then tempered at 1807C for two hours and rechccked. A photomicrograph at 1000 
times was taken of the un-ctched surface to check for internal oxidation. The case depth was 
determined by hardness traverse (case/core interface at 513 HV). A photomicrograph was then taken 
of the cross-section etched in 2% nital at magnifications of 50 and 400 times. The surface carbon 
content of a sample from each run was determined by spectroscopy. The case depth of the mild steel 
samples was estimated from the microstructure.

3. Results

3.1 Control

It was noted that all the loads left the furnace in a very clean condition with no noticeable difference 
between carburised and carbonitrided products. For nitrogen/methanol/propane carburising, the 
oxygen probe controller underestimated the carbon potential by approximately 0.05% but for 
nitrogen/methanol/fomiamide/propanc carburising the control system overestimated the carbon 
potential by a similar amount (Fig. 4).

3
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Figure 4. The effect of formamide addition on oxygen probe-based carbon potential control

Calculating the carbon potential from the back-up carbon monoxide/carbon dioxide measurement 
system and plotting this against actual carbon potential gave a very similar result.
3.2 Internal oxidation

Careful examination of all the samples showed no significant differences in internal oxidation between 
samples treated with and without formamide. Typical examples of the microstructures obtained 
(unetchcd) in samples treated for 4 hours are shown in Fig. 5.

Without With
Formamide Formamide

Figure 5 The unctched microstructure (xlOOO) of SCM420 treated with and without formamide for 4 

hours at 9257C

3.3 Surface hardness and temper resistance

Despite small differences in surface carbon, there were no significant differences in surface hardness 
nor in the temper resistance of the cases in SCM420 treated with and without formamide. Lower 
surface hardness values were generally associated with either the lowest or highest surface carbon 
content as might be expected. If the highest and lowest carbon samples are eliminated then the 
spread is less than 1.7 HRC. The mean falls from 65.9 to 61.7 HRC on tempering at 1807C.
However, when lower hardenability SS 400 (mild steel) is considered, a significant increase in surface 
hardness results when formamide is added. The surface hardness rose from a mean of 56.2 to 61.8

4



HRC. The microstnicturcs after tempering of two samples with the same surface carbon treated with 
and without formamide arc compared in Fig. 6.

Figure 6. The microstmcture of mild steel treated with and without formamide

It is clear that the martensite is much finer in the case of the formamide treated sample than that 
treated without formamide.

3.4 Case depth

It is well known that carbon potential has a significant effect on the case depth achieved in a given 
time. The results of the carburising and carbonitriding trials were therefore plotted against actual 
surface carbon. The results for the alloy steel SCM420 are shown in Fig. 7.

-♦-Methanol 2h
Methanol/Formamide ?h

i— Methanol 4h
—Methanol/Formamide 4h

Carbon potential (%)

Figure 7 The effect of formamide additions on the case depth of SCM420

The improvement in case depth achieved by using the formamide addition is small for this steel, with a 
gain of the order of 2 to 5% only. However, for the lower hardenability SS400 there was a significant 
improvement in case depth when using the formamide. Figure 8 shows that the improvement is about 
36% for a 0.8% carbon, four-hour treatment.
One run was carried out using ammonia as the potential source of nascent nitrogen. As can be seen 
from Fig. 8 there was no improvement in case depth and the result was in line with those treatments 
where no source of nitrogen had been used.

5
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Figure 8 A comparison of the case depths achieved after 4 hours at varying carbon potential for 
SS400 steel with and without formamide or ammonia additions.
4. Discussion

It is well known that ammonia does not have sufficient stability at carburising temperatures to provide 
enough nitrogen at the steel surface for a significant nitriding effect. Even if the formamide cracked in 
the furnace to form ammonia {!}, there would be little transfer of nitrogen to the steel. Measurement 
showed there to be only 0.18% (5% addition) present in the hot zone atmosphere 30 minutes after the 
start of the carbonitriding at 925?C when using ammonia as the source of nitrogen, and only 0.08% 
when using formamide at an equivalent nitrogen addition rate.

CH3NO = CO + NH3 {1}

It was therefore postulated that the formamide cracked to form a molecule that was more stable at 
high temperature and thus able to provide nitrogen to the steel surface. The obvious candidate was 
cyanide, which is known to be an effective source of nitrogen for nitriding {2}.

CH3NO = HCN + H20 {2}

Cyanide would crack at the steel surface to donate both nitrogen and carbon. Measurement showed 
that there was indeed 0.3% cyanide present in the atmosphere during formamide carbonitriding runs at 
9257C. Unfortunately for the theory, measurement also showed that 0.4% was also present with only 
the base atmosphere was used and 0.5% when carbonitriding with ammonia. Cyanide can therefore 
be eliminated from the investigation and the mechanism has yet to be explained.
It should be noted that, although cyanide was found in all the furnace atmospheres used, it was 
destroyed by combustion at the exit along with the other toxic components of the atmosphere and 
presents no risk to the operator. In common with other atmospheres containing toxic components, it is 
not advisable to use them in a furnace where the atmosphere is not flammable or is not completely 
burnt at the furnace exit [3],
It is obvious from the results that when treating high hardenabifity oil quenching steels such as 
SCM420, there is little benefit in adding formamide in terms of either surface hardness or case depth. 
However, when lower hardenabifity steels are considered, the improvement in both parameters is 
significant. This goes a long way to explain the improvements reported in the Chinese study, outlined 
above, where lower hardenabifity Chinese steels were used.

6



5. Conclusions

Substituting formamide for 20% of the methanol in a nitrogen/methanol carburising atmosphere results 
in carbonitriding at temperatures usually used for carburising. The improvements in the surface 
hardness and case depth obtained are not significant for high hardenability steels but they are 
significant for low hardenability steels. The addition of formamide makes it possible to carbonitride 
and oil quench lower hardenability steels that normally have to be carbonitrided at lower temperature, 
at carburising temperatures.
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HEAT TREATMENT OF FERROUS METALS

This invention relates to the heat treatment of ferrous metals. In particular it relates 

to the use of an agent for introducing nitrogen atoms simultaneously with carbon 

atoms into the surface of a ferrous metal article being heat treated. The invention 

also relates to a method of heat treatment of a ferrous metal article by the 

introduction of nitrogen and carbon atoms into its surface.

Ferrous metal articles may be heat treated for various reasons. It is common 

practice to perform a heat treatment so as to harden the surface of a ferrous metal 

article formed of mild steel or other low carbon kind of steel. Such heat treatment 

typically involves introducing carbon atoms into its surface so as to form a relatively 

hard case. This kind of heat treatment is known as “carburising". A ferrous metal 

article can be carburised by subjecting it to an atmosphere comprising carbon 

monoxide, hydrogen and a hydrocarbon. Gaseous nitrogen is usually typically 

present also as a diluent. A typical carburising atmosphere may comprise in the 

order two volumes of nitrogen, two volumes of hydrogen, and one volume of carbon 

monoxide. Smaller quantities of water vapour, carbon dioxide and methane are also 

present. The atmosphere is maintained in a furnace at elevated temperature, 

typically in the range of 700 to 950 °C. Various reversible chemical reactions take 

place in the atmosphere, including:

CH, 5 c + 2H2

2 CO 5 Cpe + C02

H2 +CO 5 h2o + CO

2H20 + CH4 5 2CO + 4H2

The atmosphere may be formed by various methods. For example, a gaseous 

hydrocarbon may be partially oxidised over a catalyst in a so-called endothermic 

generator in which air is employed as the oxidant. A gas mixture comprising carbon 

monoxide, hydrogen, water vapour and carbon dioxide is formed as a result of the 

partial oxidation. This atmosphere is mildly carburising. It may be fed to a heat
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treaiment furnace in which carburisation of a ferrous metal article is to be performed. In 

addition, a gaseous hydrocarbon is supplied directly to the furnace. The carbon 

potential of the atmosphere depends on the relative rates of supply of the 

endothermically generated gas mixture and the gaseous hydrocarbon. Alternatively 

the gas mixture may be formed by supplying firstly nitrogen and secondly methanol to 

the furnace. The methanol decomposes thermally into carbon monoxide and 

hydrogen. An atmosphere of chosen carbon potential can be formed by supplying a 

gaseous hydrocarbon to the furnace separate from the methanol. Isopropanol may be 

used as an alternative to the gaseous hydrocarbon as it decomposes thermally into 

methane, carbon monoxide and hydrogen.

It is well known that carbonitriding can bring benefits compared to standard carburising 

particularly for shallow case depths. The major benefits are an increased effective 

case depth in a given time, a higher case hardenability so that lower alloy steels can be 

used when core hardness is not important and an increased resistance to softening if 

the hardened ferrous metal article is subjected to tempering.

In carbonitriding, as the name suggests, both carbon atoms and nitrogen atoms are 

introduced from the heat treatment atmosphere into a surface layer of the ferrous metal 

article. Ammonia is invariably used as the agent for introducing nitrogen atoms into a 

surface layer of the ferrous article. Carbonitriding is described in GB - A - 2 044 804.

Ammonia is used in other heat treatment processes. For example, it can be used as a 

reactant in forming an austenitic nitro-carburising atmosphere, typically at a 

temperature in the range of 690 °C to 750 °C. Austenitic nitro-carbonising is 

described in GB - A - 2 076 434.

There are various drawbacks, however, to the use of ammonia. Prime among these 

drawbacks is that ammonia is a highly toxic and corrosive gas. Great care has to be 

taken when handling it in a heat treatment shop. Secondly, it Is generally not 

suitable for use at a temperature above 900 °C. The reason is that ammonia cracks
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thermally most readily in the atmosphere at such temperatures so that little remains 

to react at the steel surface to provide the necessary nitrogen atoms.

There is therefore a need for an alternative source of nitrogen atoms to ammonia for 

use in creating heat treatment atmospheres, particularly carbonitriding atmospheres.

According to the present invention there is provided a method of heat treatment of a 

ferrous metal article by the introduction of nitrogen atoms and carbon atoms into a 

surface layer thereof, wherein the ferrous metal article is contacted at a temperature 

of at least 600 °C with an atmosphere including carbon monoxide, hydrogen, a 

hydrocarbon and a chemical compound able to introduce the nitrogen atoms into the 

surface layer, the chemical compound isformamide, carbon monoxide and hydrogen ' 

are formed in the atmosphere by thermal decomposition of methanol, and the 

formamide is supplied to the atmosphere at a molar flow rate of up to 30% of that of 

the methanol.

Formamide is, compared with ammonia, relatively non-toxic. It can be vaporised 

upstream of a furnace in which the heat treatment is performed or it can be supplied 

as a liquid to the furnace and vaporised therein. For example, it may be drip-fed to - 

the furnace. The formamide may be predissolved in the methanol.

Formamide decomposes thermally into ammonia and carbon monoxide according to 

the equation:

HCONH2 CO + NH3

Surprisingly, it has been found that carbonitriding can be successfully conducted with 

formamide at a temperature in the range of 900 to 950 °C as well as at lower 

temperatures in the range of 800 to 900 °C. Carbonitriding at a temperature in the 

range of 900 to 950 °C is advantageous as it enables a hard surface layer to be 

formed more rapidly than at lower temperatures.
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The metal article is preferably maintained in contact with the furnace atmosphere for 

a period in the range of 15 minutes to 600 minutes.

Preferably, the carbon potential of the atmosphere is controlled. Typically, the 

carbon potential is maintained at a value in the range 0.5 to 1.0 % by weight. Since 

equimolar amounts of methanol and formamide decompose to yield the same 

amount of carbon monoxide, control of the method according to the invention is 
particularly simple.

Isopropanol may be employed as a source of hydrocarbon and premixed with the 

formamide and methanol. Alternatively natural gas (methane) or propane may be 

used as the source of hydrocarbon.

Formamide may also be employed instead of ammonia in the method of austenitic 

nitro-carburising according to GB ~ A - 2 076 434.

The use and method according to the invention will now be further illustrated by the 

following examples:

Example A

An experimental computer-controlled sealed box furnace was used. A carburising 

atmosphere was formed by supplying methanol and isopropanol via separate valved 

lines to a mixer, vaporising the mixture, and feeding the mixture to a furnace 

maintained at a temperature of 920 °C. Thermal decomposition of the methanol and 

isopropanol led to the formation of an atmosphere comprising carbon monoxide, 

carbon dioxide, hydrogen, water vapour and methane. The carbon potential was set 

at 0.8 and controlled by altering the ratio of isopropanol to methanol. The control 

was effected by automatic adjustment of the valve in the isopropanol supply line.

The ratio of isopropano! to methanol was typically 1:2 to achieve this carbon
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potential. Samples of two steels, namely SAE 9315 and SAE 8720, were carburised 

at the carbon potential of 0.8% for periods of 1,2,4 and 8 hours.

The experiments were then repeated but with 25% of the methanol replaced by an 

equimolar amount of formamide. Samples of the two steels were carbonitrided at 

the same temperature (920 °C) and the same carbon potential (0.8) for 1, 2 and 4 

hours.

The core depth of each sample was estimated by simple measurement. The results 

are shown in Table 1.

Table 1

Time of
Treatment

(T)
T/h

SAMPLE

SAE 9315 ~ | SAE 8720

Depth of Case / mm Depth of Case / mm

Carburised

Samples

Carbonitrided

Samples

Carburised

Samples

Carbonitrided

Samples

1 0.48 0.6 0.355 0.523

2 0.83 0.93 0.705 0.815

4 1.28 1.37 0.95 1.03

8 1.7 1.23

These results indicated that firstly carbonitriding was able to be performed with 

formamide at temperature as high as 920 °C and that deeper cases were obtained in 

a given time when formamide was included in the mixture of organic liquids from 

which the heat treatment atmosphere was formed (i.e. when the samples were 

carbonitrided using formamide as the source of nitrogen) then when formamide was
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omitted (i.e. when the samples were simply carburised). Therefore formamide 

significantly increased the rate of case formation. It was therefore considered 

worthwhile subjecting the use of formamide as a case hardening accelerant to 

further investigation.

Example B

The procedure of Examples A was repeated. In addition to the organic liquids, 

nitrogen was also supplied to the furnace. Its molar supply rate was two thirds of the 

combined molar supply rates of methanol and formamide. Samples of only one 

steel, SAE 8720, were tested. Samples were treated for 1,2 and 4 hours at 

temperatures of 850, 900, 925 and 950 °C with 0, 5, 10, 15 and 20% of the methanol 

replaced by formamide. A carbon potential of 0.8% was maintained in all the 

experiments.

The samples were quenched in oil directly after heat treatment. The case depth of 

each sample was determined by hardness traverse through a section of it.

The results obtained are given in Tables 2 to 13. Each one of Tables 2 to 13 

presents the hardness measurements (in HV) taken after quenching samples at a 

given temperature (T) in an atmosphere formed by thermal decomposition of 

methanol, isopropanol, and formamide. In each table results are given for values of 

C equal to 0, 5, 10, 15 and 20% where

C = • 100 %

X+Y

Where X is the number of moles of formamide supplied by unit time; and 

Y is the number of moles of methanol supplied per unit time.
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The results set out in Tables 2 to 13 are for hardness value (H) and for depth (D) in 

micrometres.

Table 2

Treatment time = 1 hour; Temperature = 850 °C

o !l o C » 5%

•vO
tf''
oITo

C = 15% C = 20%
D H D H D ! H D H D H

84.5 824 95.3 882 52.1 n 946 70.6 981 53.1 981
134.5 724 145.3 748 102.1 913 120.6 824 103.1 946
184.5 623 195,3 642 152.1 702 170.6 724 153.1 748
234.5 589 245.3 542 202.1 606 220.6 572 203.1 661
284.5 575 295.3 542 252.1 514 270.6 527 253.1 542
334.5 557 345.3 500 302.1 488 320.6 500 303.1 527
384.5 500 395.3 488 352.1 464 370.6 475 353.1 500
434.5 488 445.3 464 402.1 420 420.6 '441 403.1 452
484.5 488 - — — 470.6 411 453.1 420
534.5 475 — - —

- — — — —I—^----- -------______L____

Table 3

Treatment time = 2 hours; Temperature = 850 °C

C = 0% C = 5% C = 10% C = 15% C = 20%
D H D H D H D H D H

66.4 946 50.7 852 60.5 852 92.1 981 46.7 946
116.4 824 100.7 824 110.5 824 142.1 772 96.7 852
166.4 772 150.7 797 160.5 748 192,1 724 146.7 797
216.4 681 200.7 702 210.5 724 242.1 661 196.7 748
266.4 623 250.7 606 260.5 661 292.1 642 246.7 661
316.4 589 300.7 527 310.5 542 342.1 572 296.7 623
366.4 514 350.7 475 360.5 527 392.1 527 346.7 589
416.4 500 400.7 431 410.5 500 442,1 514 396.7 542
466.4 488 — — 460.5 452 492.1 500 446.7 514
516.4 464 — — 510.5 383 542.1 488 ^496.7 488
566.4 452 — — 560.5 366 592.1 464 546.7 452

— — — -- — 642.1 452 — —
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Table 4

Treatment time = 4hours; Temperature = 850 °C

c = 0% C = 5% C = 10% C = 15% C = 20%
D H D H D H D H D H

25.6 852 — - 21.5 981 564 981 38.7 981
75.6 852 — - 71.5 948 106.4 974 88.7 946
125.6 824 — - 121.5 913 156.4 946 138.7 913
175.6 748 — -- 171.5 882 2064 852 188.7 882
225.6 748 — -- 221.5 702 256.4 724 238.7 797
275.6 724 — -- 271.5 702 306.4 702 288.7 724
325.6 702 - - 321.5 681 3564 642 338.7 681
375.6 661 — __ 371.5 606 406.4 606 388.7 642
425.6 623 — - 421.5 589 456.4 589 438.7 606
475.6 572 -- — 471.5 527 506.4 542 488.7 572
525.6 500 — -- 521.5 475 556.4 527 538.7 557
575,6 488 — - 571,5 441 606.4 511 588.7 557
625.6 488 — - 621.5 401 656.4 500 638.7 514
675.6 475 — -- 671.5 329 706.4 488 688.7 488
725.6 464 — ~ 721.5 322 756.4 464 738.7 475
775.6 431 — — 771.5 303 806.4 431 788.7 441

Table 5

Treatment time = 1 hour; Temperature = 900 °C

O11

O
C = 5% C = 10% C = 15% C = 20%

D H D H D H D H D H
48.7 882 78.4 882 43.5 913 58.6 882 46.7 946
98.7 824 128.4 797 93.5 852 108.6 797 96.7 852
148.7 748 178.4 748 143.5 824 158.6 702 146.7 772
198.7 642 228.4 642 193.5 702 208.6 681 196.7 724
248.7 589 278.4 606 243.5 606 258.6 606 246.7 642
298.7 542 328.4 557 293.5 572 308.6 557 296.7 606
348.7 514 378.4 500 343.5 514 358.6 527 346.7 557
398.7 488 428.4 488 393.5 500 408.6 500 396.7 514
448.7 452 478.4 464 443.5 488 458.6 488 446.7 475

— -- 493.5 431 508.6 488 496.7 464
-- — - -- — 558.6 464 — —
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Table 6

Treatment time = 2 hours; Temperature - 900 DC

c = o% ~\ C = 5% C = 10% C = 15% C = 20% I
D H D H D H D H D H

18.9 719.8 23 725 23.7 829.3 23.7 798.2 37.8 882
68.9 835.7 73 816.6 73.7 883 73.7 842.2 87.8 824
118.9 780.3 123 810.4 123.7 842.2 123.7 810.4 137.8 772
168.9 786.2 173 774.5 173.7 816.6 173.7 780.3 187.8 702
218.9 757.5 223 746.4 223.7 763.1 223.7 780.3 237.8 642
268.9 656.9 273 694.6 273.7 709.5 273.7 680.1 287.8 623
318.9 633.2 323 639.2 323.7 656.9 323.7 643.6 337.8 589
368.9 575.1 373 578.8 373.7 626.4 373.7 609.9 387.8 557
418.9 533.2 423 553.6 423.7 578.8 423.7 571.4 437.8 527
468.9 489.6 473 543.2 473.7 557.1 473.7 560.6 487.8 500

— — 523 513.9 523.7 523.4 523.7 529.9 537.8 488
__ — 573 492.7 573.7 484 573.7 507.7 587.8 464I — — __ 623.7 478.4 623.7 504.7 — —I _ — - - — — 673.7 489.8 -

Table 7
Treatment time = 4 hours; Temperature - 900 °C

O II o C es 5% c = 10% C = 15% C = 20%
D H D H D H D H D H

80.3 882 81.6 913 63.5 946 89.7 882 53.4 913
130.3 797 131,6 882 113.5 852 139.7 797 103.4 882
180.3 789 181.6 882 163.5 797 189.7 748 153.4 824
230.3 748 231.6 824 213.5 772 239.7 748 203.4 748
280.3 720 281.6 797 263.5 724 289.7 724 253.4 702
330.3 692 331.6 772 313.5 681 339.7 702 303.4 681
380.3 645 381.6 681 363.5 661 389.7 681 353.4 642
430.3 622 431.6 623 413.5 623 439.7 661 403.4 606
480.3 580 481.6 557 463.5 606 489.7 642 453.4 589
530.3 552 531.6 527 513.5 557 539.7 606 503.4 542
580.3 512 581.6 514 563.5 527 589.7 572 553.4 542
630.3 502 631.6 ' 500 613.5 514 639.7 542 603.4 514
680.3 488 681.6 475 663.5 488 689.7 500 653.4 488
730.3 461 731.6 431 713.5 475 739.7 488 703.4 464

— - 763.5 441 789.7 475 753.4 431



- 10-

Table 8

Treatment time = 1 hour; Temperature = 925 °C

c = 0% C = 5% C = 10% C = 15% C = 20%
D H D H D H D H D H

49.3 882 91.5 913 87.5 913 50.4 913 88.6 1018
99.3 852 141.5 772 137.5 882 100.4 852 138.6 946
149.3 797 191.5 724 187.5 797 150.4 797 188.6 852
199.3 748 241.5 557 237.5 661 200.4 724 238.6 824
249.3 661 291.5 527 287.5 557 250.4 661 288.6 724
299.3 606 341.5 500 337.5 514 300.4 606 338.6 623
349.3 557 391.5 441 387.5 514 350.4 606 388.6 557
399.3 500 441.5 420 437.5 475 400.4 557 438.6 488
449.3 464 491.5 383 487.5 452 450.4 527 488.6 475
499.3 420 - — — 500,4 464 538.6 420
- — - — — — 550.4 431 -- —

— - - — — — 600.4 411 —

— - - — — — 650.4 401 —

-- — -- -- 700.4 383 - -

Table 9

Treatment time = 2 hours; Temperature = 925 °C

C = 0% C = 5% C s 10% C = 15% C = 20%
D H D H D H D H D H

11.7 981 58.3 946 62.4 913 30.4 1018 61.8 981
61.7 946 108.3 882 112.4 824 80.4 913 111.8 946
111.7 852 158.3 824 162.4 797 130.4 824 161.8 913
161.7 824 208.3 824 212.4 772 180.4 824 211.8 882
211.7 824 258.3 772 262.4 661 230.4 772 261.8 772
261.7 772 308.3 702 312.4 642 280.4 724 311.8 702
311.7 681 358.3

00C
D 362.4 606 330.4 661 361.8 606

361.7 606 408.3 606 412.4 572 380.4 623 411.8 542
411.7 557 458.3 557 462.4 527 430.4 589 461.8 488
461.7 542 508.3 408 512.4 527 480.4 514 511.8 441
511.7 527 558.3 475 562.4 514 530.4 464 ~ —

561.7 500 608.3 441 612.4 514 580.4 421 — —

611.7 452 - — 662.4 500 630.4 420 — —

661.7 431 — 712.4 464 680.4 401 — —

— "" — 762.4 441 — — — -
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Table 10

Treatment time - 4 hours; Temperature - 925 °C

C B 0% C = 5%

ôOT-IIo

C = 1 5% C = 20%
D H D H D H D H D H

84.5 913 29.9 946 56.1 946 60.5 1018 28.5 913
134.5 882 79.9 852 106.1 913 110.5 946 78.5 882
184.5 797 129.9 824 156.1 824 160.5 913 128.5 852
234.5 797 179.9 748 206.1 824 210.5 824 178.5 824
284.5 797 229.9 748 256.1 797 260.5 702 228.5 772
334.5 772 279.9 724 306.1 772 310.5 702 278.5 724
384.5 748 329.9 724 356.1 724 360.5 661 328.5 702
434.5 661 379.9 681 406.1 661 410.5 681 378.5 661
484.5 642 429.9 642 456.1 642 460.5 606 428.5 642
534.5 642 479.9 589 506.1 606 510.5 589 478.5 623
584.5 542 529.9 542 556.1 589 560.5 557 528.5 572
634.5 514 579.9 527 601.6 557 610.5 500 578.5 557
684.5 475 629.9 500 656.1 527 660.5 464 628.5 527
734.5 464 679.9 488 701.6 514 710.5 441 678.5 488
784.5 431 729.9 488 756.1 514 760.5 441 728.5 464
-- -- 779.9 475 801.6 500 810.5 431 778.5 452
— — -- — 856.1 488 — __ — --

— — — 901.6 464 — — — -

Table 11

Treatment time = 1 hour; Temperature = 940 °C

o11

o

C a 5% C = 1 0% C = 15% C = 20%
D H D H D H D H D H

37.8 913 41.2 882 45.7 946 23.9 981 50.2 913
87.8 824 91.2 772 95.7 852 73.9 882 100.2 882

137.8 748 141.2 824 145.7 748 123.9 772 150.2 797
187.8 661 191.2 681 195.7 681 173.9 724 200.2 748
237.8 623 241.2 623 245.7 642 223.9 681 250.2 702
287.8 589 291.2 589 295.7 589 273.9 623 300.2 642
337.8 542 341.2 500 345.7 557 323.9 572 350.2 589
387.8 527 391.2 464 395.7 514 373.9 527 400.2 527
437.8 488 441.2 441 445.7 488 423.9 514 450.2 488
487.8 475 -- — 495.7 488 473.9 488 500.2 464

— - — — — — 523.9 475 550.2 441
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Table 12
Treatment time = 2 hours; Temperature = 940 °C

C = 0% C = 5% C = 10% C = 15% C = 20%
D H D H D H D H D H

32.3 882 21.8 913 31.4 913 48.7 946 24.6 981
82.3 852 71.8 824 81.4 882 98.7 882 74.6 913
132.3 824 121.8 824 131.4 852 148.7 852 124.6 824
182.3 772 171.8 797 181.4 797 198.7 797 174.6 824
232.3 748 221.8 772 231.4 748 248.7 748 224.6 748
282.3 702 271.8 724 281.4 702 298.7 681 274.6 702
332.3
382.3

702 321.8 681 331.4 681 348.7 606 324.6 661
623 371.8 642 381.4 642 398.7 572 374.6 623

432.3 589 421.8 606 431.4 589 448.7 514 424.6 589
482.3 542 471.8 557 481.4 542 498.7 488 474.6 557
532.3 500 521.8 542 531.4 514 548.7 464 524.6 500
582.3 475 571.8 514 581.4 500 - — 574.6 500
632.3 475 621.8 475 631.4 475 - - 624.6 488

— __T__ 671.8 452 681.4 441 - - 674.6 464

Table 13
Treatment time = 4 hours; Temperature = 940 °C

0% 5% 10% 15% 20%
42.8 946 52.4 981 71.6 946 93.6 946 39.1 1018
92.8 882 102.4 913 121.6 913 143.6 882 89.1 981
142.8 852 152.4 852 171.6 852 193.6 882 139.1 882
192.8 824 202.4 852 221.6 852 243.6 882 189.1 882
242.8 772 252.4 824 271.6 797 293.6 824 239.1 852
292.8 724 302.4 824 321.6 772 343.6 797 289.1 797
342.8 ; 724 352.4 797 371.6 724 3936 748 339.1 748
392.8 702 4024 724 421.6 702 443.6 724 389.1 702
442.8 681 452.4 661 471.6 661 493.6 681 439.1 702
492.8 642 502.4 661 521.6 606 543.6 623 489.1 661
542.8 606 552.4 623 571.6 589 593.6 623 539.1 623
592.8 606 602.4 606 621.6 557 643.6 589 589.1 589
642.8 557 652.4 572 671.6 542 693.6 572 639.1 589 S
692.8 527 702.4 527 721.6 514 743.6 557 689.1 557
742.8 514 752.4 514 771.6 514 793.6 514 739.1 527
792.8 500 802.4 514 821.6 488 843.6 500 789.1 500
842.8 488 852.4 488 871.6 464 893.6 488 839.1 500
892.8 488 902.4 464 — - 943.6 488 889.1 488
942.8 475 — — - - 993.6 475 939.1 475_
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Further results were obtained and these will be described below with reference to the 

accompanying drawings, in which:

Figure 1 is a graph, illustrating the effect of formamide addition on case depth for 

various treatment times;

Figure 2 is a graph illustrating the effect of formamide addition on case depth for 

various temperatures;

Figure 3 is a graph showing the carbon profiles of the samples treated for 4 hours at 

940 °C with various formamide additions; and

Figure 4 is a graph corresponding to Figure 3 but showing the nitrogen profiles of the 

samples.

From the hardness traverses the case depths (D) at a hardness value (FI) of 550 

were determined for each sample. There was considerable variability in the data 

obtained so it was necessary to use the whole data set to check for statistically 

significant effects from the formamide additions. All the case depth data were first 

normalised to a 900 °C processing temperature using the equilibrium constants by 

Harris. ("Reactions between Hot Steel and Furnace Atmospheres” - F.E. Harris Metal 

Progress, Vol 47, No.1, January 1945, pp 84^89.) The results are set out in Figure 1. 

It can be seen from Figure 1 that the trend towards deeper case depths with 

increasing formamide additions is constant and independent of processing time.

By normalising the same data set using Pick's law to eliminate the effect of 

processing time it was possible to determine the effect of processing temperature. 

The resultant data is presented graphically in Figure 2 and it can be seen that the 

case depth increases with increasing formamide additions at all processing 

temperatures.
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Normalising the whole data set for both time and temperature (2 hours at 900 °C) 

and plotting the results against formamide additions showed that, on average, every 

1% formamide addition increased the case depth by 2.76 mm on a base of 385 mm 

at zero formamide addition.

The data showed that the surface hardness also increased with increasing 

formamide addition. There was however no consistent effect of either processing 

time or processing temperature on surface hardness. A plot of all the data, 

uncorrected for time or temperature, showed that on average every 1% formamide 

addition resulted in an additional 2.62 HV on a base of 844 HV at zero formamide 

addition.

Samples treated at 940° C for four hours with formamide additions were selected for 

carbon and nitrogen profiling. The temperature of 940 °G was expected to yield 

lower nitrogen concentrations than at lower temperatures. The results for carbon 

and nitrogen are shown in Figures 3 and 4 respectively. These results demonstrate 

that the samples were effectively carbonitrided. The nitrogen content rises with 

increasing formamide addition. It was also noted that the depth of carbon diffusion 

was approximately in line with the nitrogen content of the case and it is suggested 
that this effect is responsible for the increased effective case depth of the samples 

treated with formamide additions.
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CLA/MS

1. A method of heat treatment of a ferrous metal article by the introduction of 

nitrogen atoms and carbon atoms into a surface layer thereof, wherein the 

ferrous metal article is contacted at a temperature of at least 600 °C with an 

atmosphere including carbon monoxide, hydrogen, a hydrocarbon and a 

chemical compound able to introduce the nitrogen atoms into the surface 

layer, the chemical compound is formamide, carbon monoxide and hydrogen 

are formed in the atmosphere by thermal decomposition of methanol, and the 

formamide is supplied to the atmosphere at a molar flow rate of up to 30% of 

that of the methanol.

2. A method according to claim 1, in which the heat treatment is the 

carbonitriding of the ferrous metal article.

3. A method, according to claim 2, in which the said temperature is in the range 

of 900 to 950 °C.

4. A method according to claim 2 or claim 3, in which the carbon potential of the 

atmosphere is selected by supplying isopropanol to the atmosphere at a 

chosen rate.

5. A ferrous metal article when heat treated by a method according to any one of 

the preceding claims.
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Gaseous carburising and carbonitriding: the basics

P F Stratton (BOC) and L Sproge (Nordic Metallurgy Consulting)

A furnace atmosphere can be used to modify the surface chemistry of many 
materials during heat treatment. The common thermochemical treatments for 
steel are all based on the diffusion of carbon and/or nitrogen into the surface 
layers of finished or almost finished components to produce the desired 
properties. Examples of such processes are carburising, typically applied to 
gears to produce a wear resistant surface layer on a tough core, and 
carbonitriding, used for components of a cheaper, mild steel substrate that still 
require wear resistance. In general terms, the higher the carbon content, the 
harder the martensite formed (Figure 1), but the effect levels off at higher 
carbon contents. However, the higher hardnesses can only be achieved by 
quenching below room temperature (See Figure 5). Quenching to room 
temperature retains austenite in the structure, so the hardness of the as- 
quenched steel is lower.

Martensite

Steel

Carbon (%)

Figure 1 The variation of the hardness of martensite and steel with carbon 
content [1]

Carbon diffusion treatments

In most treatments, the source of the carbon is a gaseous hydrocarbon. 
However, the mechanism for transfer of carbon to the steel surface depends 
on the treatment technique. The most common and the most effective at 
temperatures below 1000°C is to use carbon monoxide and hydrogen. The



reaction sequence is complex but can be summarised by equation {1} where 
Ca is the carbon absorbed by the steel.

C0 + H2OCa+H20 {1}

Other possible carburising reactions that take place simultaneously with {1} 
but more slowly are:

2CO o Ca + C02 {2}

CH4 o Ca + 2 H2 {3}

CO o Ca + 1/202 {4}

In reaction {1} the rate-controlling step is the splitting of the adsorbed carbon 
monoxide into adsorbed carbon and oxygen. The adsorbed carbon diffuses 
into the steel and the oxygen is desorbed by reaction with hydrogen to form 
water {5}. This goes on to react with the carbon source, in this case methane 
{6}, to complete the cycle.

Oa + H2 ^ H20 {5}

H20 +CH4 o CO + 3H2 {6}

gas
boundary
layer
adsorption
layer

diffusion

Figure 2 A schematic representation of the carburising reactions [2]

To carburise the steel efficiently, the carbon monoxide level must exceed 15% 
(See “Carbon flux and the transfer coefficient”). These atmospheres can be 
generated by partial combustion of hydrocarbon fuel in an endothermic gas 
generator or be derived from a mixture of alcohols and nitrogen. The simplest



such mixture is methanol/nitrogen, although mixtures of ethanol or 
isopropanol and water can be substituted for the methanol.

Methanol cracks to give carbon monoxide and hydrogen in the ratio 1:2 when 
introduced into a furnace at above 750°C.

CH3OH=>CO+2H2 {7}

Care must be taken when injecting the methanol, particularly at low 
temperatures (<850oC), to ensure rapid cracking and avoid the lower 
temperature side reactions that produce formaldehyde, soot, carbon dioxide, 
water etc.. Therefore, it is preferable that injection should be done at as high a 
temperature as possible. The presence of copper is known to catalyse some of 
these side reactions, so the combination of copper and low temperature should 
be avoided.

Above 1000°C, carbon transfer may be via carbon monoxide or directly from 
the breakdown of the hydrocarbon as shown in equation {3}. Such direct 
transfer treatments are little used at atmospheric pressure because the 
processing temperature affects the core of the carburised component and the 
processes tend to produce soot. However, such treatments can be very 
effective at low pressures, even at lower processing temperatures. Acetylene 
is the hydrocarbon of choice as it is able to penetrate blind holes better than 
other hydrocarbons and produces very little soot [3].

For some treatments it may be a requirement to remove carbon from the 
surface, rather than to introduce it. Water vapour may be added for this 
purpose: the reaction is shown in equation {8}. Care must be taken to ensure 
that sufficient reducing species are present to make the total atmosphere 
system reducing to the substrate.

Ca + H20 o CO + H2 {8}

It is possible to design an atmosphere that has a high water concentration, 
hence a high decarburising rate, but is still reducing to iron [4].

Nitrogen diffusion treatments

It is well known that carbonitriding has some advantages over standard 
carburising, particularly for shallow case depths. The main benefits are a 
greater effective case depth in a given time, an increased resistance to 
temper softening and a higher case hardenability. Low alloyed steels can 
therefore be used when core hardness is not important [5], However, 
carbonitriding can usually only be carried out at relatively low temperatures so 
that it can take significantly longer to achieve deeper cases than in the 
equivalent higher temperature carburising process.

The metal being treated can only absorb nitrogen in its nascent form. For 
most purposes nitrogen gas can be considered as inert and an alternative 
source of nitrogen must be sought. The most usual way to produce nascent



nitrogen is by the breakdown of ammonia, which is, unfortunately, highly toxic. 
At elevated temperature hydrogen is progressively stripped from the nitrogen 
atom, which is eventually left nascent as summarised in equation {9}.

NH3 <^> ‘N’ + 3/2H2 {9>

If not adsorbed by the metal, it rapidly combines with another atom to form a 
nitrogen molecule. Reaction {9} may also be used in reverse to remove 
nitrogen from the surface, although denitriding, typically in nitrocarburising, 
generally produces molecular nitrogen as nascent nitrogen is desorbed from 
the surface {10}.

2’N’oN2 {1°}

Carbonitriding with ammonia cannot be carried out at high temperatures 
because ammonia cracks readily in the atmosphere at higher temperatures 
and little remains to crack at the steel surface and provide the required 
nitrogen. The fall in residual ammonia under equilibrium conditions with 
increasing temperature, shown in Figure 2, is not the whole story as the 
cracking reaction is not very fast, but it does indicate the problem. Practical 
experience suggests that carbonitriding is ineffective above 900°C.

A non-toxic alternative to ammonia, formamide, can be effective for 
carbonitriding at elevated temperatures [6]. Not only is the case formed some 
20% faster than by carburising alone, but the surface properties are improved 
by the presence of the dissolved nitrogen.

Temperature °C

Figure 2. The residual ammonia in thermally dissociated ammonia under 
equilibrium conditions [7].

At temperatures over 1100°C nitrogen gas itself can be the source of nascent 
nitrogen, in the reverse of equation {10}. By controlling the nitrogen partial 
pressure it is possible to get s-phase in stainless steels and to selectively form



nitrides in tool steels [8 and 9]. S-phase may also be formed in stainless 
steels at low temperatures (300 - 400°C), but most of the processes are 
proprietary.

Carbon flux and the transfer coefficient

If a furnace atmosphere and a given steel have different carbon contents then 
carbon will flow from the atmosphere to the steel (carburising) or vice versa 
(decarburising). The carbon flux at the surface (Os) is proportional to the 
difference in carbon activity and the transfer coefficient (p) (Newton’s Law).

<E>S = p (Cp - Cs) {11}

where Cp is the carbon potential of the atmosphere and Cs is the carbon 
content of the steel surface. In a conventional carburising atmosphere 
containing carbon monoxide, carbon dioxide, hydrogen and water vapor, p 
can be calculated [10 and 11] from the equation:

(ki kz Pco2 + ki ka Ph2o)
P „ -------------------------------------- ;--------- ;----------- ;----- {12}

k2Pco+ kiPco+ ksPh^-1" kiac+ k2Pco+ kaP^o

where Pi is the partial pressure of component i and k\ is the reaction constant 
described by the equations below :

ki
COad Cad + Cad {1 ^}

ki’

k2
Oad + CO <=> C02ad {I4}

Kz

K3
Oad + H2 H2Oad {15}

Ka’

Because the coefficients ki, k2, k3, ki, k’2, k'3 are fixed for a given temperature, 
it follows that:
• The transfer coefficient (P) varies linearly with H20 and C02 partial 

pressures, hence carbon exchange between gas and steel improves with 
increasing dew point and C02 partial pressure.

• For a given dew point, carbon exchange between gas and steel decreases 
as the CO and H2 content rises.

However, the other factor in equation {11} is the carbon potential (Cp). For the 
same atmosphere as considered above, the carbon potential is directly



proportional to the carbon dioxide partial pressure and inversely proportional 
to the square of the carbon monoxide partial pressure:

k4
2CO => Cad + CO2 {16}

Cp oc (dCO)2 {17}
pC02

Thus for a fixed carbon potential, the carbon dioxide content rises as the 
square of the carbon monoxide content, so the transfer coefficient rises. 
Practice has shown that the carbon monoxide content must be a minimum of 
15% for effective carburising [12], but that the transfer coefficient continues to 
rise up to 50% CO [13]. This increase (Figure 3) offers some practical 
benefits, especially in carburising thin cases where the increased carbon flux 
means that the surface of the steel reaches the equilibrium carbon potential 
faster and thus carburises faster in the initial 20 minutes or so of treatment.

h2+h2o+ch4 co+co2

Figure 3 The dependence of p on CO and FI2 content of the atmosphere [14]

One way to create such an atmosphere is to react carbon dioxide and a 
hydrocarbon in the furnace. Flowever, the reaction (equation {18}) is slow. 
This means that long residence times and hence low flow rates must be used. 
It has been reported that this technology can be successfully used in specially 
designed high integrity sealed quench furnaces [15].

C02 + CH4 => 2CO + 2H2 {18}

Other measures of carbon potential can be based on the alternative 
carburising reactions {1}, {3} and {4}, so that atmosphere control can make 
use of many atmosphere constituents (carbon dioxide, water vapor, oxygen or 
methane). Flowever, this assumes that the atmosphere is in equilibrium and 
the carbon monoxide level is constant. This is usually the case in



conventional atmosphere systems for carbon dioxide, water vapor and 
oxygen, but is seldom so for methane as it reacts very slowly. Thus for 
atmospheres created in the furnace by direct injection of methane and an 
oxidant it is important to measure carbon monoxide as well as the control 
parameter. Even for conventional atmosphere systems the level of methane 
addition must also be considered with care, as at high carbon potentials it can 
effectively dilute the carbon monoxide.

The carbon potential in the atmosphere is the carbon concentration in 
austenite in equilibrium with the atmosphere. The equations apply to iron- 
carbon alloys and must be corrected for the presence of other alloying 
elements (See equation {22}).

Cp = ________100.an___________t {19}
(19.6.ac) + 1.07. exp(4789.6/T)

where T is the temperature (°K) and ac is the steel carbon activity [16]. The 
carbon activity is related to the atmosphere components by the equation {20}

ac = kY. (pCO)2 {20}
pC02

where ky, the equilibrium constant, may be calculated from equation {21} [10].

Log ky = (8750/T) - 9.022 {21}

The direct consequence is that the carbon potential of an atmosphere varies 
with the furnace temperature.

In case of low alloyed steels, the carbon potential in equilibrium with the steel 
is equal to the steel carbon content multiplied by a corrective factor that 
depends on the concentrations of the alloying elements present [10]. A 
typical example of such an alloy factor equation is given in equation {22}. For 
many carburising steels it is close to one and can, in practice, be ignored, but 
with increasing alloy contents it becomes significant. For high alloy steels the 
equation no longer holds and the alloy factor must be determined 
experimentally or calculated by means of thermochemical calculation 
programs such as TFIERMO-CALC by Thermocalc Software. Similar 
calculations can be performed for nitrogen.

Alloy Factor = 1+ %Si (0.15 + 0.033%Si) + 0.0365%Mn - %Cr (0.13 - 
0.0055%Cr) + %Ni (0.03 + 0.00365%Ni) - %Mo (0.025 + 0.01 %Mo) - %AI 
(0.03 + 0.002%AI) - %Cu (0.016 + 0.0014%Cu) - %V (0.22 - 0.01 %V)

{22}



Carbon diffusion

Pick’s first law [17] states that:

J = -D. (5C/5x) {23}

where J is the carbon flux and D is the diffusion coefficient. However, diffusion 
is driven by the difference in the carbon activity between the surface and the 
core of the steel, or more accurately by the carbon activity gradient (5ac/6x) at 
the point under consideration. Therefore Pick’s Law is more correctly 
expressed as:

J = -D. (5ac/5x) {24}

In practice, when the surface of the steel is in equilibrium with the carbon in 
the atmosphere and the carbon potential of the atmosphere is constant, the 
case depth (d) may be predicted using the simple equation [18]:

d = 0. t* {25}

where t is the time and 0 is a temperature-dependent factor. However, this 
simplistic approach should only be treated as a guide. For a given steel, 
Pick’s law implies that the higher the carbon activity at the surface, the faster 
the diffusion but there is a practical limit to the surface carbon activity that can 
be achieved. If the carbon at the surface exceeds its solubility in austenite at 
the carburising temperature (Figure 4) then carbides begin to form and the 
carbon activity rises no higher. Such carbides tend to form at the grain 
boundaries and produce a brittle network in the surface that causes early 
failure. They are very difficult to remove by diffusion and must be 
spherodised at a lower temperature.

Temperature (°C)

Figure 4 The solubility limit of carbon in iron-carbon austenite



The second problem related to high carbon levels in the case is retained 
austenite. As Figure 5 shows, the higher the carbon level the greater the 
amount of the soft austenite phase that is not transformed to martensite on 
quenching to room temperature. The problem can be corrected to some 
extent by deep-freezing to around -80°C with a further small improvement at 
-196°C. This can have the advantage of producing a harder case and some 
operators use the technique deliberately rather than as a remedial measure.

----- Quenched and
deep frozen 

----- As quenched

Carbon (%)

Figure 5 Retained austenite after quenching and after treatment at 
-196°C [19]

If these problems are to be avoided while still taking advantage of the faster 
diffusion produced by higher carbon levels, then a boost-diffuse system can 
be employed. This is usually achieved with a high carbon potential (but lower 
than the solubility limit) at the start of the carburising cycle, followed by 
diffusion at the end of the cycle usually at the target surface carbon. The ratio 
that is needed between boost and diffuse changes with case depth and the 
desired shape of the carbon profile. It is generally agreed that the diffusion 
time should be at least one hour to achieve the target surface carbon. In 
vacuum carburising the rules change and maximum speed carburising is 
usually given by multiple short boost-diffuse cycles.

Another way to shorten the cycle is to increase the carbon transfer coefficient 
(See “Carbon flux and the transfer coefficient”). At the start of the cycle the 
surface of the steel takes some time to come into equilibrium with the 
atmosphere’s carbon potential - times of an hour or more are often quoted for 
an atmosphere containing the standard 20% carbon monoxide. However, this 
is misleading as the approach of the surface carbon to the atmospheric 
carbon potential is asymptotic and after about 20 minutes the difference has 
little practical effect.



One way to take advantage of this effect is to raise the CO level during the 
first part of the cycle. In nitrogen/methanol systems switching off the nitrogen 
and increasing the methanol flow can achieve this. At the same time the 
control set point must be changed to take account of the changed carbon 
monoxide level. However, the gains are small and the investment required 
significant, so there are few converts. A further reason for the small uptake is 
the equilibrium water concentration in the atmosphere. Even at reasonable 
carbon potentials the dew point can be above room temperature, leading to 
blocked sample lines and possible water contamination of quenching oils 
through condensation.
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Gaseous Nitrocarburising - the Adaptable Alternative

by

K Bennett - Senior Heat Treatments and P F Stratton - BOC Gases

Introduction

Tiie name nitrocarburising covers the wide range of 
processes that, in terms of treatment temperatur e and 
carbon and/or nitrogen content of the surface layers, 
lie between carbonitriding and nitriding. They have in 
common the formation of a compound surface layer 
which is scuff and conosion resistant backed up by a 
carbon/nitrogen difEusion zone which improves wear' 
and latigue life. The range of applications is as 
diverse as the properties of die layers produced; 
from crankshafts to windscreen wiper aims.

This paper describes the properties of typical 
treatments and examines some of die gaseous 
techniques used to produce die layers. The 
adaptability of die treatments is then illustrated with 
reference to the treatments canted out by The Senior 
Heat Treatment Group.

Properties of the nitrocarburised layers

For convenience the range of processes is divided 
into diose carried out in die austenitic phase, typically 
720°C, and those carried out in the fenitic phase, 
typically 570°C.

For austenitic nitrocarburising the process is carried 
out in the temperature range 700 to 750°C. It 
produces a scuff resistant surface with the desirable 
indentation resistance similar to that produced by 
carbonitriding but with a low distortion factor.

Mild steel which has been subjected to a two hour 
treatment at 700°C followed by an oil quench will 
exhibit an epsilon compound layer of some 25 to 30 
microns in depdi In addition an underlying 
carbomtrided case is present to a deptii of 125 to 
150 microns. Hie case structure below the 
compound layer, after quenching, is composed of 
two zones; an austenitic zone and a back-up

martensitic zone. It is necessary to transfonn die 
austenite in order to develop die fidl hardness. The 
transformation is effected either by isothermal 
transformation to lower bainite or by deep freezing to 
fomi martensite which is then tempered Typical 
micro-hardness traverses (Figure 1) indicate that 
surface har dness levels of the order 700 to 800 HV 
can be achieved by the deep freezing technique. The 
isothermally transformed condition, whilst exhibiting a 
slightly lower wear resistance, is obviously more 
ductile.

For ferritic nitrocarburising the process is carried out 
in the temperature range 550 to 600oC. It results in 
a transfer of both carbon and nitrogen to the surface 
layers of ferrous materials to form a compound layer 
of Fe2-3N or Fes-sCN; the epsilon phase. This 
compound layer lias outstanding properties:-

1. Exceedingly high resistance to wear', scuffing 
and seizure.

2. Excellent corrosion resistance to the extent that 
some applications utilise the process solely for 
resistance to corrosion. It has been shown that 
the corrosion resistance of a gaseous 
nitrocarburised surface with post-oxidation 
under most conditions is better than a 
phosphated and oiled surface, better than a zinc 
plated surface, but inferior to a passivated 
cadmium plated surface.

3. Good lubrication retention properties. The 
compound layer can be engineered to contain a 
certain level of micro-porosity which serves to 
hold the lubricant

4. An improvement in latigue properties 
dependent upon the material composition The 
following figures have been reported after 
treatment for three hours at 570°C followed by 
an oil quench.
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Figure 1. Typical micro-hardness traverses of an austenitically nitrocarburised case

Material Improvement in Fatigue
Properties

Mild Steel 130%

En 19C (SAE 4140) 30-40%

En 40C (3% Cr) 23%

The depth of the compound layer obtained by 
gaseous ferritic nitrocaiburising varies with process 
time and process temperature e.g. mild steel treated 
for three hours at 570°C will have a compound layer 
of some 12.5 to 20 microns. A further zone of 
nitrogen penetration is apparent beneath this 
compound layer to a depth of approximately 500 
microns after a three hour treatment If the material 
contains nitride formers (chromium, molybdenum, 
vanadium and aluminium) then sub-microscopic 
nitrides form in the substrate giving rise to both an 
increase in hardness (in some instances greater than 
1000 HV) and in fatigue properties. Such a 
nitridable steel subjected to a three hour treatment at

570°C will have a substrate nitrided depth of some 
150 to 250 microns.

Treatments exist throughout the range of 
temperatures and carbon and /or nitrogen potential 
between these two treatments giving intermediate 
properties. The properties can be further tailored to 
an application by combining a nitrocaiburising 
treatment with one of the more conventional 
thermochemical treatments. For example it is 
possible first to carburise or carbonitride then lower 
die furnace temperature and create a compound 
layer on the surface which is subsequently oxidised. 
Such treatments have the indentation resistance of the 
former treatment combined with the resistance to 
seizure and aesthetic appeal of the latter.

This is true surface engineering where the properties 
of the surface can be adapted to its application.
Such treatments must be considered a cost effective 
alternative to the conventional thermochemical 
treatments as they are often considerably shorter and 
give properties closer to those required by the design 
engineer.
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Processing techniques

Nitrocarburising processes were developed rising salt 
bath treatments. These treatments have been largely 
superseded by gaseous treatments and in die main 
the gaseous atmospheres used are based on nitrogen.

Austenitic nitrocarburising can be considered from 
the atmosphere requirements point of view as a low 
temperature carbonitriding process with a 
requir ement for a higher nitrogen potential and for an 
oxidant to be present Typically die process is 
carried out in the same type of sealed quench 
furnaces as carbonitriding widi similar atmospheres 
except that the ammonia level has been raised to 
20%. BOC Gases’ patented^ austenitic 
nitrocarburising atmosphere system uses 40% 
nitrogen, 40% cracked methanol and 20% ammonia. 
The cracked methanol provides the requir ed oxidant

Ferritic nitrocarburising has been more widely 
developed and more variations of furnace and 
atmosphere composition exist As with austenitic 
nitrocarburising an oxidant is required for successful 
processing. In some furnaces, particularly sealed 
quench furnaces, operators rely on the natural leak 
rate of the furnace to provide die oxygen However, 
this practice is not recommended as little control can 
be exercised- Typically, for both sealed quench and 
pit furnaces 2 to 6% carbon dioxide is added Other 
oxidants such as air, exothermically generated gas 
and nitrous oxide are used by some operators. A 
parjicularly cost effective solution to the provision of 
an oxidant has been developed at Senior Heat 
Treatments in conjunction widi BOC Gases.

The problems experienced with the use of carbon 
dioxide as an oxidant, such as the necessity for 
provision of heated pressur e regulators and the 
tendency of carbon dioxide and ammonia to react 
when fed through the same manifold, producing 
ammonium carbamate thereby creating blockages, 
have encouraged the use of alternative oxidants. Air 
can be used quite successfully as an oxidant but 
experience suggests that it must be derived from a

cylinder rather than a compressed air ring main. 
Experience widi compressed ah ring mains has 
shown that it is virtually impossible to obtain clean, 
dry air from this source. The resultant moisture 
seriously affects die chemistry of the nitrocarburising 
process.

The advent of the non-cryogenic pressure swing 
adsorption (PSA) nitrogen generator^ however, has 
offered a readily available answer to the problem.
For the vast majority of heat treatment applications it 
is normal practice to minimise die amount of 
containment oxygen in PSA nitrogen to produce the 
best possible processing atmospheres. Nitrogen 
based ferritic nitrocarburising however requires the 
presence of an oxidant for die reaction to proceed 
and the technique have been developed using the 
oxygen containment positively.

It lias been established tiiat die use of PSA nitrogen 
with an oxygen level controlled between 0.75-1.25% 
provides a good base for all nitr ogen based ferritic 
nitrocaiburising processes. In the sealed quench 
ferritic nitrocarburising process the residual oxygen 
supplements die oxidant produced from the natural 
leak rate of the furnace and in the pit ferritic 
mtrocarburising process will itself be supplemented 
by dry air.

Otherwise the requirement is for an atmosphere 
containing more tiian 50% free ammonia. 
Atmospheres containing less than 50% free ammonia 
will produce compound layers but will not give die 
maximum nitriding effect on alloy steels. The nitrogen 
balance is used to control die nitrogen potential by 
diluting die ammonia.

Recent developments in the computer control of 
nitrocarburising embodied in die Nitreg process^3* 
now allow the morphology and chemistry of the 
compound layer to be contolled closely so as to 
optimise the properties for a paiticular material and 
application. The layer can be made dense for wear 
resistance, porous for corrosion resistance, or absent 
for improved fatigue properties.



The process need not be carried out at atmospheric 
pressure^. There are both low pressure and plasma 
nitocaiburising processes in commercial operation. 
Both processes have the advantage of being very 
environmentally friendly as they make very efficient 
use of the source gases.

Post-treatment oxidation

It has been shown that the controlled post-treatment 
oxidation of the compound layer can greatly increase 
its resistance to corrosion without significantly 
affecting its tribological properties. Its performance 
can be further enhances by the application of an oil 
or wax which fills the surface pores winch can be 
created in the compound layer by correct process 
control. In addition to its corrosion resistance the 
layer lias die added benefit of being matt black, a 
much sought after finish in today’s motor industry.

Practical Processes

Senior Heat Treatments Limited carries out 
nitrocarburising treatments in bodi sealed quench and 
pit furnaces. The nitrocarburising processes canied 
out in sealed quench furnaces fall into three 
categories:

1. FemticNitrocaiburising

Ferritic Nitrocarburising, which is earned out 
at a temperature of 570°C, produces similar 
properties to die original Tufflride salt hath 
process. The Senior process utilises PSA 
nitrogen to provided die correct level of 
oxidant when combined with die natural leak 
rate of the furnace. It has been established 
that a 3 hour treatment in an atmosphere 
comprising 55% ammonia and 45% PSA 
nitrogen (residual oxygen in PSA nitrogen 
being 0.75%-1.25%) will produce a 
compound layer of some 10-20 microns. Oil 
quenching is normally earned out at die end of 
die process cycle.

Hie majority of engineer will use die treated 
components direct from the sealed quench

process. Occasionally ablue/black oil finish is 
preferred which would normally be produced 
by a soak at 400°C in air, followed by a 
soluble oil quench It should be noted 
however that die treatment at 400°C will tend 
to precipitate nitrides in the substrate and will 
reduce the fatigue strength in thin section 
components of critical applications.

2. Austenitic Nitrocarburising

The Senior austenitic nitr ocarburising process, 
shown schematically in Figure 2, is normally 
carried out at 700°C. For safety reasons it is 
standard procedure to establish a conditioned 
furnace at 800°C before charging the load.
The fimiace is normally conditioned witii 
endothermic gas only. Following charging and 
subsequent recovery to 800°C the furnace 
atmosphere will be changed to comprise 20% 
ammonia and 80% endodiermic gas. The 
furnace temperature will tiien be reduced to 
700°C.

Standar d austenitic nitrocarburising would 
normally comprise a two hour treatment at 
700°C followed by an oil quench although 
some engineers will request a three hour 
treatment to improve indentation resistance, hr 
order to develop die full properties of the 
austemtically nitrocarburised case it is 
necessary to carry out a post sealed quench 
furnace transfomration. Transfonnation is 
carried out either by deep freezing at -70°C 
followed by a light stress relief or by a four 
hour transformation at 300°C. Experience has 
shown drat if die deep freeze technique is to be 
utilised, die tr ansformation must be carried out 
within an hour of quench due to stabilisation of 
die structure by tire high nitrogen content of the 
case.
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Figure 2. Schematic of austenitic nitrocarburising cycle

3. Extended Austenitic Nitrocarburising

The requirement for a wear resistant, corrosion 
resistant and indentation resistant structure for 
use in aggressive environments has led to the 
development of extended austenitic 
nitrocarburising. Extended austenitic 
nitrocarburising combines the properties 
produced by carbonitriding with those of 
austenitic nitrocarburising. Total case depths 
up to 0.060” can be produced but with the 
classical compound layer that imparts 
corrosion resistance.

The extended austenitic nitrocarburising 
process, shown schematically in Figure 3, 
starts as a traditional carbonitriding process at 
a temperature of 850°C. Carbonitriding will 
proceed for the time required to produce the 
desired case depth. Instead of a standard 
accelerated oil quench at the end of the 
carbonitriding cycle, the furnace temperature

will be progressively reduced to the austenitic 
nitrocarburising temperature of 700°C.

It should be noted that immediately the furnace 
temperature is set down, the hydrocarbon 
addition gas used for carbonitriding will be 
turned off but the ammonia addition gas will 
continue to flow. At 800°C the atmosphere is 
again changed to 20% ammonia and 80% 
endothermic gas. When a temperature of 
700°C is reached the load will be 
conventionally austenitic nitrocarburised for a 
period of two hours followed by an oil quench. 
Post sealed quench transformation is carried 
out exactly as the standard austenitic 
nitrocarburising technique.

The metallurgical examination of treated 
components will reveal a classic carbonitrided 
case with a superimposed compound layer of 
some 35 microns in depth.
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Figure 3. Schematic of the extended austenitic nitrocarburising cycle

Senior Heat Treatment Limited restricts its pit 
furnace nitrocaiburising activities to the ferritic 
processes. Two ferritic nitrocarburising processes 
are carried out; classical nitrogen based ferritic 
nitrocarburising and the Senior developed process 
“NITRAL”.

1. Ferritic nitrocarburising

Nitrogen based ferritic nitrocarburising is a 
well established process and has been used 
extensively over many years for die treatment 
of crankshafts etc. The classic process uses 
an atmosphere composed of 70% ammonia, 
25% nitrogen and 5% carbon dioxide. A high 
oxidant addition is necessary because of the 
low leak rate of the pit furnace Problems 
previously mentioned in respect of the use of 
carbon dioxide are extremely pertinent to the 
pit furnace process. The Senior process again 
utilises PSA nitrogen and its residual oxygen as 
a base for the reactive atmosphere.

Following loading into a cold furnace, the 
chamber would be purged with gaseous 
nitrogen and then raised to a process 
temperature of 570°C under the same 
atmosphere. At 570°C the atmosphere is

changed to 57% ammonia, 28% PSA nitrogen 
(residual oxygen 0.75 - 1.25%) and 15% dry 
air. A three hour treatment at 570°C in this 
atmosphere will produce a compound layer of 
10-20 microns.

Nitriding steel subjected to this process can be 
slow cooled in the furnace under pure nitrogen. 
Low alloy steels can be polymer or oil 
quenched following purging of the furnace with 
pure nitrogen. _

o
2. Nitral Treatment °

o

The Senior Nitral process utilises the 
phenomenon that pre-oxidised surfaces allow 
a faster nitrogen transfer rate. Nitral is 
marketed as an alternative to classic gaseous 
nitriding and results in a greatly reduced 
process time.

The process, shown schematically in Figure 4, 
involves the purging of the furnace, once 
loaded, with PSA nitrogen and raising it to 
process temperature under the same 
atmosphere. During the rise to process 
temperature the surface of the components will 
oxidise in a controlled
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Figure 4. Schematic of the Nitral process cycle

manner due to the residual oxygen in the PSA 
nitrogen. Because the oxygen is restricted the 
oxide produced is thin and tightly bonded

Once the process temperature has been 
achieved the atmosphere is changed to the 
ferritic nitrocarburising atmosphere At the 
end of the required process time the

atmosphere is again changed but to pure 
nitrogen and the furnace is cooled to room 
temperature. Nitral has been demonstrated to 
reduce classic nitriding cycles by up to 75% 
whilst replacing the brittle white layer with the 
more flexible epsilon compound layer. A 
typical hardness traverse for a Nitral treated 
material is shown in Figure 5.

Hardness HV

Depth (ins x 1000)

Total Case Depth 
= 0.015"

Effective Case Depth 
= 0.0095-

Compound Layer 
= 13-18 microns

Figure 5. Hardness traverse for a 12 hour Nitral treatment on a normalised cast 3%Cr-Mo steel 
using PSA nitrogen containing 1.2% residual oxygen



Conclusions

It lias been clearly demonstrated that nitrocarburising 
treatments are capable of producing a wide range of 
surface and sub-surface properties which can be 
closely tailored to die requirements of die design 
engineer. All diese properties can be generated using 
atmospheres based on nitrogen eitiier from a 
cryogenic ornon-cryogenic source. Senior Heat 
Treatments Limited has made use of the latter to 
produce a range of cost effective treatments.
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SURFACE TREATMENT

SURFACE ENGINEERING
with carbon and nitrogen

by Paul Stratton*

Conventional surface treatments such as carburising 
and nitriding are extremely versatile and should not 

be eclipsed by more costly modern technologies.

Figure 1 Small gear carburised and quenched far wear resistance

After a resurgence of 
interest in the late 
70s and early 80s 
following the introduc

tion of nitrogen-based 
atmosphere systems for 
many thermochemical 
surface treatments, acad
emic activity in this sec
tor has waned in favour 
of the more esoteric laser 
and plasma surface engi
neering techniques.
While there is no doubt 
that the use of such envi
ronmentally attractive 
techniques will grow, 
their high cost compared 
to the conventional diffu
sion treatments currently 
confines them to niche 
products. The conven
tional treatments, rang
ing, in terms of diffused 
species, from carburising 
to nitriding, still form the vast majority 
of the surface engineering treatments 
carried out in today’s industry. They 
are unequivocally deserving of further 
study in that their full potential has still 
to be exploited.

It seems ludicrous to introduce cost
ly new technology when, with a little 
thought and the application of up-to- 
date control systems, the existing, 
well tried and tested technologies can 
deliver a high quality product at lower 
cost.

Carburising
Carburising, in which carbon only is 
diffused into the surface, is usually 
applied to low carbon, low alloy steels 
to produce a combination of a thick 
wear resistant surface layer on a softer, 
tougher core, figure I. Care must be 
taken that the layer is not too thick if 
the benefit of the tough core is not to be 
lost in thin sections. Cases up to 3mm 
thick are possible with surface hard
nesses up to 900HV as quenched. 
Tempering in the range 150“C to 3509C 
is often used to increase case toughness 
and fatigue strength at the cost of

reduced surface hardness and wear 
resistance.

Standard practice in carburising low 
alloy steels is to diffuse in sufficient 
carbon to produce the highest possible 
hardness at the surface. Fatigue 
strength can be improved by reducing 
the surface carbon slightly below opti
mum. Resistance to sliding wear can 
be increased by increasing the surface 
carbon then transforming the resultant 
retained austenite to martensite using 
sub-iero treatment. For example, a 
tractor manufacturer requiring a high 
hardness, wear resistant surface, car
burised SAE 8620 wobble shafts 
(0.2%C, 0.65%Ni, 0.5<fcCr, 0.2%Mo) 
to a surface carbon content of 1%. 
This treatment lowered the tempera
ture (Mf) at which all the austenite in 
the case is transformed to martensite 
and resulted in 50% retained austenite 
at the surface, The components were 
then sub-zero treated to transform the 
austenite. This technique produced a 
hypereutectoid martensite, and thus a

*Paul Stratton CEng MJM works for BOC Gases 
at its European Development Oewre ia Sheffield

high surface hardness of 
65 Rc, without forming 
an undesirable brittle 
intergranular carbide net
work.

If resistance to abra
sive wear is required 
then the surface carbon 
can be raised further and 
the component quenched 
from a lower temperature 
to produce a network of 
hard, but brittle inm car
bide at the surface. The 
network is then spher- 
odised and rehardened by 
a subsequent reheat and 
quench to produce a 
layer of wear resistant 
iron carbide in a marten
site matrix.

Carburising is unri
valled in its ability to 
produce thick wear and 
fatigue resistant surfaces 
on finished components 

at reasonable cost. In many applica
tions where its tendency to distort the 
component is not a problem, or can be 
controlled by good design, there is no 
need for any lurther treatment prior to 
sendee. This is why this treatment is 
extensively used in industry today par
ticularly in the automotive sector.

Carbonitriding
In carbonitriding some nitrogen is dif
fused into the surface along with the car
bon. The additional hardenability pro
vided by the nitrogen means that it is 
possible to create hard surface layers on 
mild steels that would not respond to 
carburising alone. This means that the 
design engineer can use a cheaper mate
rial than would have otherwise been the 
case at the cost of a minor processing 
change. Standard practice is to diffuse in 
sufficient carbon and nitrogen to pro
duce the optimum hardness at the sur
face. Although it is possible to create the 
variations outlined above for carburis
ing. it is rarely done as the core strength 
available is usually insufficient for high
ly stressed components. These restricted
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surface layer

applications mean that 
ease depths arc generally 
less than 1mm.

Austenitic 
nitrocarburising

Both austenitic and ferrit
ic nitrocarburised layers 
are characterised by the 
formation of a thin (10 to 
30 micron) epsilon iron 
nitride surface layer, fig
ure 2. This layer has some 
properties of great interest 
to the surface engineer
♦ Exceedingly high resis
tance to wear, scuffing 
and seizure
♦ Excellent corrosion 
resistance to the extent 
that some applications utilise the process 
solely for resistance to corrosion
♦ Good lubrication retention properties. 
The compound layer can be engineered 
to contain a certain level of micro-poros
ity which serves to hold the lubricant
♦ An improvement in fatigue properties 
dependent upon the material composi
tion.
Recent developments in the computer 
control of nitrocarburising embodied in 
the Nitrcg process now allow the mor

phology and chemistry' of the compound 
layer to be controlled closely so as to 
optimise the properties for a particular 
material and application. The layer can 
be made dense for wear resistance, 
porous for corrosion resistance, or 
absent for improved fatigue properties.

In addition the layer can be oxidised in 
a controlled manner to produce an attrac
tive matt black finish with further 
improvements in corrosion resistance, 
figure 3. It has been shown that ihe cor

rosion resistance of a 
gaseous nitrocarburised 
surface with post-oxida
tion umlcr most conditions 
is better than a phosphated 
and oiled surface, better 
than a zuic plated surface, 
but inferior to a passivated 
cadmium plated surface. 
It should be noted, howev
er, that thus post-treatment 
reduces the fatigue resis
tance.

In austenitic nitrocar- 
burising the proportion of 
nitrogen diffused into the 
surface is further increased 
from carbonitriding A 
high nitrogen diffusion 
layer (0.1 nun after a typi

cal 3 hour treatment) is formed beyond 
the compound layer. After quenching 
this layer consists entirely of retained 
austenite which must be transformed 
either by sub-zero treatment or temper
ing. The sub-zero treated layer has max
imum hardness (800HV) and wear resis
tance while the tempered layer is tougher 
(650HV). The treatment is usually- 
applied to mild steels where the relative
ly thick diffusion layer acts to supports 
the thm compound layer during service.

Sources and sinks of nitrogen and carbon

The thermochemical treatments 
under examination are all based on 
the diffusion of carbon and/or 
nitrogen into the surface layers of 
finished or almost finished compo
nents to produce the desired prop
erties. The source of the carbon is, 
for most treatments, a gaseous 
hydrocarbon. However, the mech
anism for the transfer of the carbon 
to the steel surface varies between 
treatment techniques. The most 
common and the most effective at 
temperatures below 1000X1 is via 
carbon monoxide ond hydrogen. 
The reaction sequence has been 
shown to be complex but may be 
summarised in equations 1 and 2, 
where C? is the carbon absorbed 
by the substrate.

co + h2 c0 +h2o |1]

H20 + CH4 ~ CO + 3Hj (2]

It hos been shown that for efficient 
production carburising the carbon

monoxide level must exceed 15%.
Above lOCOC the transfer mav be 

via carbon monoxide or directly from 
the breakdown of the hydrocarbon. 
Such treatments are iHHe used due to 
the effect of the processing tempera
ture on the co»e of the carburised 
component and the propensity of the 
processes to produce soot.

Not only is it a requirement to intro
duce carbon to the surface, but for 
some treatments it is a requirement to 
remove it. Equation 1 may also be 
used for this purpose by a direct addi
tion of water vapour to an atmos
phere containing only hydrogen as a 
reactive species However, it is also 
possible to effect the removal of the 
carbon using water vapour indirectly 
os shown in equations 3 and 4, in an 
atmosphere containing both carbon 
monoxide and hydrogen as reactive 
species. In either case care must be 
taken to ensure that enough reducing 
species are present to ensure that the 
total atmosphere system is reducing to 
the substrate.

CO + H20 C02 ♦ H2 [3]

Ca + OV*2CO [4]

If nitrogen is to be absorbed by tfte 
metal to be treated it must be in ihe 
nascent form. For most purposes 
nitrogen gas can be considered as 
inert ond an alternative source of 
nitrogen must be sought. By far the 
commonest source of nascent nitro
gen is the breakdown of ammonia. 
At elevated temperatures the hydro
gen is progressively stripped from 
the nitrogen atom which is eventu
ally left nascent as summarised in 
equation 5. If not adsorbed by the 
metal it rapidly combines with 
another atom to form a nitrogen 
molecule:

2NH3 <' 2N ♦ 3H2 (5)
■

This reaction may also be used in 
reverse to remove nitrogen from the 
surface.
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Figury 3 Lwrsfor an actuation system manufactured firm aluminium killed, low 
carbon steel, Nitroiec nurocarbnrised and oxidised for strength and corrosion 
resistance

Ferritic
nitrocarburising

The epsilon compound 
layers formed in ferritic 
nitrocarburising, which 
can be created in the 
absence of any diffused 
caibon. have the same 
properties as those in the 
austenitic treatment 
except that they tend to 
fall at the thinner end of 
the thickness range. The 
properties of the diffu
sion layer (0.2mm after a 
typical 3 hour treatment) 
vary with the material 
treated. For mild steel 
there is some marginal 
hardening of the ferrite 
by the diffused nitrogen.
If, however, the material 
to be treated contains 
nitride lormers such as 
aluminium, chromium, molybdenum 
and vanadium, nitrides are formed in 
the diffusion zone giving rise to hard
nesses up to 1000HV. In addition to 
increased wear resistance, the treat
ment can increase the fatigue proper
ties of such materials by 40%.

The broad spectrum of properties 
available from this process are illustrat
ed by the following example. Slides for 
vehicle seats were normally manufac
tured from low carbon 
steel and painted. During 
subsequent assembly a 
quantity of grease was 
applied which can be 
very messy if contacted 
by either the driver or 
passenger. The hardened 
steel ball used to traverse 
the slide created indenta
tion in the track, although 
this was of little conse
quence during any manu
al adjustment.

However, it is now 
becoming normal to fit 
electrically adjusted 
seats, where any indenta
tion present in the track 
has a marked influence 
on the smooth running of 
the seat adjustment. In 
addition, the slider is now 
used as the anchorage 
point for the safety har
ness and therefore 
strength is required As 
the profile of the slide 
and related roller track is

critical, conventional high temperature 
surface hardening techniques produce 
unacceptable levels of distortion. 
Furthermore, a final surface coating is 
still necessary to obtain the corrosion 
requirements. By controlling the 
process parameters it is possible to 
give, in one treatment cycle, the specif
ic hardness profile within the substrate 
to provide resistance to indentation by 
the roller bearing and increased yield

strength, plus a surface 
compound layer to impart 
wear resistance, together 
with a corrosion resistant 
and aesthetic black finish.

The treatment can also 
be applied to aluminium 
and titanium alloys where 
the surface nitride layer 
formed produces good 
wear resistance.
However, in neither case 
is any significant back-up 
diffusion zone- formed.

Nitriding
In nitriding only nitrogen 
is diffused into the sub
strate. The process relies 
on the presence of nitride 
formers in the substrate 
for its hardening effect but 
can achieve surface hard
nesses in excess of 

1000HV If the nitrogen potential is too 
high a layer of brittle alpha iron nitride is 
formed on the surface which must be 
removed prior to service. However, 
modern control techniques are able to 
eliminate this problem. After a typical 
60 hour treatment a layer depth of 
0.75mm is achieved.

Using these techniques it is possible to 
produce surfaces with properties as good 
as many of the much vaunted chemical 

vapour deposition (CVD) 
and physical vapour depo
sition (PVD) techniques 
without the need to invest 
large sums in hardware. 
This is not to say that 
these techniques do not 
have their place as they 
clearly offer some unique 
combinations of proper
ties. However, in the 
scramble for high technol
ogy surface engineering 
those techniques that have 
served industry for many 
years should not be for
gotten but further devel
oped for the benefit of all.

Combination layers
The treatments detailed 
above are only the basic 
building blocks with 
which the surface design 
engineer has to work. Not 
only is it possible to com
bine treatments to produce 
layers w ith the benefits of 
both, but it is possible to
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carry out treatments which fall between 
those given to produce intermediate 
properties.

For example, a vertical drive trans 
mission gear is used to transmit drive 
from the camshaft to the oil pump in a 
diesel engine. Transmitting high speed 
rotary motion from the horizontal to 
the vertical plane always presents high 
wear problems because of the small 
contact areas involved. The individual 
treatments of case hardening or nitro- 
carburising failed to meet the engineer
ing performance requirements. 
However, the combination of proper
ties developed by a fully hardened 
martensitic ease, produced by a car- 
bonitriding cycle, plus a surface 
epsilon layer, produced by a follow-on 
austenitic nitrocarbunsing treatment, 
provided both easy running-in of the 
gear form as well as subsequent long 
term wear resistance.

Distortion
The treatments outlined above arc in 
descending order of treatment temper
ature from a typical 925*C for car
burising to 500^ for nitriding. As dis
tortion tends to increase with increas
ing treatment temperature, the higher 
temperature treatments should be 
avoided when low distortion is 
required. The ferritic treatments are 
particularly suitable for low distortion 
treatments as they rely on nitride for
mation for their hardening effect and 
therefore the additional 
distortion engendered by 
quenching can bo avoid
ed.

Practical treatments 
and atmospheres

All the treatments can be 
carried out in a pit fur
nace. However, for those 
treatments that require the 
work to be quenched at 
the end of the cycle it is 
better to use a furnace 
with an atmosphere pro
tected quench, such as the 
common sealed quench 
furnace, to avoid oxida
tion. These treatments are 
also suitable for use in 
many types of continuous 
furnace, such as mesh 
belts, and batch furnaces, 
such as fluidised beds, 
figure 4.

For those treatments 
where carbon transfer is

required, the necessary carbon monox
ide is most consistently provided by 
the thermal cracking of methanol. An 
addition of 50% nitrogen is made to 
the cracked methanol as a carrier gas. 
This not only reduces the overall cost 
and flammability of the atmosphere 
but minimises the carbon monoxide 
level and hence any tendency to inter
nal oxidation. Further additions of 
hydrocarbon (usually natural gas or 
propane) are made to increase the car
bon potential of this base mixture 
above 0.4% or an oxidant (usually air 
or water vapour) to reduce it. 
Ammonia is added to provide the 
nitrogen source as necessary (typically 
5% for carbonitridmg and 20% for 
austenitic nitrocarburising).

Ferritic nitrocarburising and nitnding 
do not require carbon transfer and utilise 
ammonia alone. Ferritic mtrocaiburus- 
ing. however, requires control of the 
nitrogen potential and the addition of an 
oxidant to promote the formation of the 
epsilon iron carbide layer. Nitrogen 
(-40%) is added as a diluent to control 
the nitrogen potential and typically car
bon dioxide (5%) as the oxidant. 
Nitriding atmospheres can utilise either 
nitrogen or hydrogen to control the nitro
gen potential as required.

It should be noted that all the atmos
pheres used for these processes are flam
mable and that some are operated below 
their self ignition temperature. As with 
all furnace atmospheres, it is important

that all the necessary measures are taken 
both to ensure that the atmosphere 
equipment supplies that atmosphere in a 
safe manner and that the furnace opera
tors act to ensure their own safety and 
that of others.

Historically pure nitrogen from a cryo
genic nitrogen generator delivered to site 
as a liquid and stored in a vacuum insu
lated vessel from which it was evaporat
ed before use, would typically have been 
used as the carrier and purge gas for 
these treatments. More recently it has 
been shown that, because of the inherent 
high reactivity of the atmospheres used, 
lower purity, lower cost, non-cryogenic 
nitrogen generated on-site, figure 5, can 
be utilised without detriment to the 
process. The use of this source of nitro
gen not only minimises operating costs 
but gives the furnace operator full con
trol over all the atmosphere components.

Conclusions
Using thcrmochemical treatments in 
which carbon and nitrogen arc diffused 
into the surface of components from a 
mtrogen-based atmosphere, it is possible 
to produce a wide range of engineered 
surfaces. Tire properties of these sur
faces can and do solve many of today's 
surface engineering problems without 
the need to resort to elaborate and costly 
alternative techniques.

Further reading
♦ C Dawes . ‘Nitrocarburising and its 

influence on design in the 
automotive sector*, 
Proceedings Surface 
Engineering and Heat 
Treatment, London, 1991
♦ H Parrish and G S 
Harper, ‘Production gas 
carburising', Pergamon 
Press. 1985
♦ A M Staines, ‘A new
development in gaseous 
nitriding', Heat
Treatment of Metals, vol
ume 3, 1994
♦ C J Precious, P F 
Stranon, and D 
Weinstein, ‘Practical 
experience with heat 
treatment in atmospheres 
based on non-cryogenic 
nitrogen’. Heat Treatment 
of Metals, volume 1.1991
♦ P F Stratton, 'An intro
duction to furnace atmos
phere safety*. Heat 
Treatment of Metals, vol
ume 1, 1992. ♦figure 5 /t BOC Gases membrane nitrogen generator

November 1995 533



5.3

Improving the properties of austenitic stainless steels by surface engineering - 
P F Stratton, W Huang and E K Chang - Proceedings of the 11th Congress of 
the IFHT, Vol 1, pp 211-219, Associazione Italiana di Metalurgia, October 
1998.

Contribution (50%)

The original idea for the project on which this paper was based was that of the 
applicant. He wrote the project justification and the experimental schedule.
Dr Chang carried out the experiments and provided some theoretical input 
with regard to nitrogen cracking at high temperatures. Dr Huang carried out 
the metallurgical examination. The applicant wrote the vast majority of the 
paper with some input from both co-authors.

Co-author Status

1. Dr Eric Chang was a researcher at the BOC Technical Center in the 
USA.

2. Dr Huang was a researcher at the BOC Technical Center in the USA.



IMPROVING THE PROPERTIES OF AUSTENITIC STAINLESS STEELS BY SURFACE 
ENGINEERING

P F Stratton. W Huang and E K Chang 
BOC Gases

ABSTRACT

Austenitic stainless steels represent 80% of the stainless steel produced It is known that dissolved 
nitrogen can improve the properties of these materials but nitrogen alloying through melt technology is 
limited to concentrations of 0.25% to avoid problems with ingot porosity, hot workability and nitride 
precipitation. The solution to these problems is to difliise nitrogen into the surface of the finished 
component followed by rapid cooling to suppress the formation of nitrides which would significantly reduce 
corrosion resistance. The resultant nitrogen rich surface layer has increased hardness due to solid solution 
strengthening and improved pitting corrosion resistance. The reported work was aimed at determining the 
dissolved nitrogen level which gave the optimum improvement in properties and the treatment atmosphere 
composition that would result in that nitrogen level being achieved at the surface. In the experiments, 
samples of AISI 304, 304L and 316L austenitic stainless steels were treated The atmospheres used were 
all mixtures of nitrogen, hydrogen and argon The results showed that the surface hardness of all the 
materials increased with increasing nitrogen content The conosion resistance of all the materials was 
found to maximise around the same nitrogen content as that at which the presence of nitride precipitates 
was first observed This maximum occurred at 0.56 wt% nitrogen for AISI 304L.
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INTRODUCTION

Since they were first used in the cutlery industry, the production and applications for stainless steels have 
increased dramatically. According to fire American Iron and Steel Institute, the total production of nickel- 
bearing stainless steels in the USA was 1,299,426 tons in 1993. The AISI 304 and 304L stainless steel 
constituted around 58%, and AISI 316 and 316L stainless steels made up about 13% of the production(1). 
The AISI 304 and 316 types of stainless steel are mainly used in chemical, power, food and beverage, and 
domestic appliances industries, representing 80% of all stainless steel applications*'2-*. Although austenitic



stainless steels have relatively good corrosion resistance their mechanical properties are relatively poor 
particularly with regard to erosion and wear.

Interstitially dissolved nitrogen in stainless steels can stabilise the austenite phase, thus improving its strength 
and corrosion performance^3 Below approximately 0,20 wt% nitrogen, austenitic stainless steel is less 
susceptible to intergranular corrosion^. It was suggested that nitrogen increases die isothermal holding 
time in die sensitisation range (500 - 900° C) necessary to sensitise the alloy from chromium rich caibides 
and associated chromium depleted zone*'8'*. Modem melting and refining techniques make it possible to 
consider nitrogen as an economical and controllable alloy addition to stainless steels. But die nitrogen 
alloying of austenitic stainless steel through melting technology is typically restricted to 0.25 wt% to avoid 
problems widi ingot porosity, hot workability, and nitride precipitation. Surface modification techniques, 
such as gas nitriding, ion implantation, and plasma nitriding, are very successful in increasing surface wear 
resistance by forming nitrides. The increase of wear resistance, however, is at the expense of decreased 
corrosion resistance. Hie key issue in surface modification widiout die loss of conosion resistance is to 
avoid the nitride precipitation. High temperature surface engineering in which the nitride formation is 
suppressed by quenching shows much promise in improving die corrosion resistance and mechanical 
properties of austenitic stainless steel.

A nitrogen solution treatment temperature above 1000°C is necessary to obtain appreciable diffusion of 
nitrogen in austenitic stainless steel. Above this temperature during conventional annealing or brazing 
treatments the nitrogen concentration in the furnace atmosphere has to be limited to avoid nitride formation 
The corrosion performance degrades when inteistitial nitrogen exceeds the solubility and nitrides are 
formed Nitrides in stainless steels are mosfiy enriched in chromium and molybdenum, thus creating a Cr- 
Mo depleted zone in the vicinity of the precipitates. These regions become more vulnerable to 
intergranular and pitting corrosion. If the nitrogen content of the surface layers is limited to the solid 
solubility at die treatment temperature, and die formation of nitrides during cooling is suppressed by 
quenching in water, then improved properties result^. The work reported in this paper was intended to 
determine die dissolved nitrogen level which gave the optimum improvement in properties and the 
treatment atmosphere composition dial would result in that nitrogen level being achieved at die surface.

EXPERIMENTAL

MATERIALS

The materials selected for this study were austenitic stainless steel strips: AISI 304,304L, and 316L. The 
strips were 1.47mm, 1.14mm, and 1.47mm respectively. All specimens were in die as-annealed 
condition

HEAT TREATMENT

A tube furnace was used for the heat treatment experiments. Samples, 25mm by 38mm, were placed 
vertically on a sample tray. All samples were heated at 20°C/min to 1075° C and then soaked for six 
horns in a controlled atmosphere at Ibar absolute, followed by water-quench. The atmospheres used in 
each nin are listed in the Table 1.



Table 1. Treatment atmospheres

Sample
designation/

Material

Annealing
temperature

C°C)

Atmosphere during 
heat-up

Atmosphere during 
annealing

Annealing 
time (h)

304-As/304
304L-As/304L
316L-As/316L

1075 20%HZ + 80% Ar 20%H2 + 80% Ar 6

304-20/304
304L-20/304L
316L-20/316L

1075 100% Ar 20%N2+20%H2+60%Ar 6

304-40/304
304L-40/304L
316L-40/316L

1075 100% Ar 40%N2+20%H2+40%Ar 6

304-50/304
304L^50/304L
316L-50/316L

1075 100% Ar 50%N2+20%H2+30%Ar 6

304-60/304
304L-60/304L
316L-60/316L

1075 100% Ar 60%N2+20%H2+20%Ar 6

304-80/304
304L-80/304L
316L-80/316L

1075 100% Ar 80%N2+20%H2 6

CORROSION TESTING

An EG&G flat cell with a 100mm2 exposed area of test sample was used for the potentiodynamic 
corrosion testing. Tire working electrode, counter electrode, and reference electrode are the sample, 
platinum plate, and saturated calomel electrode, respectively.

To remove the surface oxide produced by the water quench, approximately 0.05mm was ground off each 
sample using 600 grit SiC sand paper. (The need for this procedure had been anticipated by the 
experimental design, hence die long treatment time to ensure no significant nitrogen reduction from the 
surface to the layers tested) The samples were then cleaned ultrasonically in de-ionised water for ten 
minutes, dried with house nitrogen and mounted on the flat cell. The cell was filled with 250ml 0.05wt% 
acetic acid plus 5wt% sodium chloride solution. A nitrogen flow into the solution was maintained to purge 
out any dissolved oxygen. A magnetic stirrer was used to convey sufficient ions from working electrode to 
counter electrode. Before fire polarisation procedure the sample was immersed in the solution for twenty 
five minutes. The sample was then polarised at a rate of 0.5mV/s, from a potential 50mV below the open 
cir cuit potential to where significant pitting was observed

METALLOGRAPHY AND MICROHARDNESS TESTING

A cross-section of each sample was polished to a 0.5 pm finish, etched in Mable solution for fifty seconds, 
then washed and dried for metallographic examination. The microhardness of the sample cross-section 
was measured using a Buehler Vickers hardness tester. A 300g applied load was used for all 
measurements. To avoid any edge effect, the hardness profiles were measured from 0.05mm (the same 
depth as the corrosion tests) from tire sample surface.



NITROGEN CONTENT AND DISTRIBUTION

0.125mm increments from the surface of 38mm by 38 mm samples were milled off to obtain metal chips. 
Each sample was milled off in four steps to 0.5mm from die surface. The metal milling was sent to 
Robertson Microlit Laboratories (Madison, NJ, USA) for nitrogen content determination. The nitrogen 
containing metal chips were burned at high temperature with strong oxidant to convert die released 
nitrogen into nitrogen dioxide and the nitrogen dioxide concentration measured Two standard samples of 
A16XN (0.2 wt% nitrogen) and 904L (0.057 wt% nitrogen) were also submitted for analysis with reported 
results of 0.18 wt% and 0.06 wt%, respectively. This procedure demonstrated the laboratory’s capability, 
and gave us confidence in die other results.

RESULTS AND DISCUSSION

SURFACE NITROGEN AND NITROGEN PROFILES

The nitrogen profiles for each of the materials treated at the same atmospheric nitrogen concentration 
(samples 304-40, 304L-40, and 316L-40) are shown in Figure 1. AISI 304L showed the highest surface 
nitrogen concentration (0.56wt%) among the three, comparing to 0.49wt% for AISI 304 and 0.40wt% for 
AISI 316L. The trend of these results may have been expected It is well known that solid solution 
alloying elements decrease the carbon and nitrogen potential for a given atmosphere composition resulting 
in lower surface concentrations of these elements in more highly alloyed materials.

-------- AISI304

- AISI304L

AISI316L

Depth (mm)

Fig. 1. Nitrogen profiles for the same atmosphere composition (20% hydrogen / 40% argon 
/40% nitrogen)

The diffusion coefficients in AISI 304 and 304L stainless steels should be similar at a given annealing 
temperature, since the difference in carbon content should cause few differences^0). It has been reported



that Cr-Ni-Mo AISI 316L stainless steel has reduced nitrogen diffusivity due to the interaction between 
molybdenum and nitrogerf11 \

Molecular nitrogen dominates at temperatures below 5000° K, and thermal conversion of molecular 
nitrogen to atomic nitrogen is extremely difficult In the presence of hydrogen, the dissociation of nitrogen 
molecules could take place with a lower activation energy0 2).

N2 + H2 —» 2 NH [1]

NH N + H [2]

It has also been suggested that the presence of small amounts of oxygen could lower the nitrogen 
dissociation activation energy0 3).

N2 + 02 —» 2NO [3]

NO ->-N + ^02 [4]

In this study, a 20% hydrogen component was maintained in the heat treating atmospheres to preserve die 
clean steel surface. In either case, the clean steel surface has a catalytic role and dissolves the dissociated 
nitrogen before its recombination. The dissolved surface nitrogen sets up a concentration gradient as the 
driving force for solid state nitrogen diffusion according to Pick’s law. Figure 1 exhibits the typical 
resultant parabolic curves indicating that the process is availability rather than diffusion limited.

HARDNESS PROFILES AND METALLOGRAPHY

Nitrogen %

Fig. 2. The relationship between nitrogen content and hardness for all the materials tested



Due to the method adopted to measure the nitrogen contents it was difficult to attribute a hardness to a 
particular nitrogen content However, the data in Figure 2, representing that from all the materials tested, 
would suggest a linear relationship between nitrogen content and hardness for all the materials tested

> 304L

Atmosphere nitrogen %

Fig. 3. The surface hardness of all the materials tested at different atmosphere compositions

As a result of this relationship the surface hardness of all the materials tested increased with increasing 
nitriding potential (Figure 3). It can cleariy be seen that there were only small differences between the 
materials except that AISI 316L exhibited slightly lower hardnesses at higher nitrogen contents.

Fig. 4. Microstructures of AISI 304 treated under atmospheres with different nitrogen contents 
as shown in Table 1.



At the annealing temperature, nitrogen is interstitially dissolved in die austenitic stainless steel. Nitride 
formation starts when the nitrogen concentration in the heat treating atmospheres exceeds the austenite 
solubility at 1075°C. As a fast cooling rate, water quench, was employed throughout this study, all nitride 
formation was a direct result of exceeding that solubility. Photomicrographs of AISI 304 treated in the 
atmospheres described in Table 1 are shown in Figures 4. It was noted that a large number of 
semicoherent nitride platelets formed within the grains of Cr-Ni type AISI 304 and 304L stainless steel, 
while they were not found in the grains of AISI 316L stainless steel. Semicoherent nitrides can greatly 
increase the hardness because they introduce elastic energy at the interfacial boundaries. This observation 
explains the lower hardnesses found in the AISI 316L samples. Dissolved nitrogen also pins the grain 
boundaries to inhibit grain growth. When compared to samples heat treated in an argon-hydrogen 
atmosphere, the grain size was smaller for die samples heat treated in die nitrogen-containing atmospheres.

CORROSION

The corrosion performance of each sample was evaluated by analysing die potentiodynamic polarisation 
curve. Figure 5 shows the polarisation curves for as-received and heat treated AISI 304L stainless steel 
which was typical of those for the steels treated. It can clearly be seen that the pitting potential was 
reduced for the sample treated in a non-nitrogen containing atmosphere compared to the as received 
condition.

In the low nitrogen composition range, pitting resistance increased with increasing nitrogen content in the 
treatment atmosphere. The pitting potential reached a maximum value at aboil 40% nitrogen consistent 
with the point at which nitrides were observed in the surface layers. Further increase of nitrogen content in 
the atmosphere caused the reduction of pitting resistance.
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Fig. 5. The corrosion behaviour of as-received and heat treated AISI 304L stainless steel at 
1075°C under different gas composition.

The calculated corrosion rate for each condition is shown in Figure 6. An almost constant corrosion rate 
was found for all three materials when the heat treatment atmospheres contained 20% - 60% nitrogen. 
Then a significant increase of corrosion rate was observed for all samples when nitrogen concentration of 
the heat treatment atmosphere increased to 80% and massive nitrides were tormed

-AISI 304
0.006 - ■ -AISI304L

AISI316L

0.004

Atmosphere nitrogen %

Fig. 6. Calculated corrosion rate

CONCLUSIONS

1. Nitrogen can be effectively dissolved into austenitic stainless steel from molecular nitrogen at 1075°C. 
The amount of dissolved nitrogen is a function of nitrogen concentration in the atmosphere.

2. The dissolved nitrogen increased the hardness by a maximum of approximately 100 Hv under optimum 
conditions. The increase in hardness was approximately proportional to the nitrogen content for the

steels studied

3. Low levels of dissolved nitrogen had little effect on corrosion rate but improved pitting resistance. At 
higher levels the corrosion rate increased dramatically and pitting resistance decreased The optimum 
occurred at approximately 0.5 wt% nitrogen at the surface of the steels studied The deterioration of 
corrosion performance at high nitrogen levels was caused by nitride formation.
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Surface engineering with low temperature thermo-chemical treatments

by PF Stratton (BOC Gases) and K Bennett (Omega Technical Services)

Low temperature surface treatments lie between carbo-nitriding and nitriding in terms 
of process temperature and composition of the resultant surface layers. They produce a 
compound surface layer which is scuff and corrosion resistant, supported by a 
carbon/nitrogen diflusion zone which improves wear and fatigue life. Generally known 
as nitrocaiburising, low temperature surface treatment processes can vary considerably 
in the properties induced and in their areas of application, from crankshafts to 
windscreen wiper blades.

This article describes the properties obtained from treatments, developed by Omega 
Technical Services and licensed world-wide in co-operation with BOC Gases, and 
highlights their applications.

The processes fell into three basic families: ferritic, ferri/austenitic and austenitic. 

Ferritic processes
The process temperature range is 500° to 600°C. Ferritic processes transfer nitrogen 
or carbon and nitrogen to the surface layers of ferrous materials to form a compound 
layer of Fe2-3N or Fe2-3CN. The compound layer has outstanding properties:

* Exceedingly high resistance to wear, scuffing and seizure.
* Excellent corrosion resistance - some applications use the processes solely for 

resistance to corrosion. (NB The corrosion resistance of a gaseous 
nitrocarburised surface under most conditions is superior to that of phosphate 
coatings or passivated zinc plating.)

* Good lubrication retention properties - the compound layer contains a certain 
amount of micro-porosity which serves to hold the lubricant (the degree of 
micro-porosity can be controlled to a level commensurate with the particular 
application.)

* An improvement in fatigue properties dependent upon the material 
composition.

The surface of all ferritically nitrocarburised components exhibits a certain level of 
porosity after treatment. However the Omega PNC group of processes (PNC3,
PNC20 etc) result in a lower level of porosity with no deterioration of the lubrication 
retention properties. This produces a superior post-heat treatment surface finish. PNC 
processes are improved alternatives to traditional gaseous nitriding with savings of up 
to 70% in processing costs. They are carried out in pit furnaces and are particularly 
suitable for the treatment of crankshafts and components of similar geometry.

The Alpha SQ process is carried out in sealed quench furnaces, allowing quenching of 
components if required, and is used particularly for the surface treatment of previously 
heat treated extrusion dies and moulds. Sealbond is a further development of the 
ferritic nitrocaiburising process which induces corrosion resistance to a level which 
withstands up to 600 hours’ exposure in the standard salt spray test. This process 
eliminates the need for post-heat treatment plating, phosphating etc. Zeta NT is an



accelerated gaseous nitriding process which reduces the traditional 80-100 hours* 
process time by up to 70%. It is carried out at conventional nitriding temperatures, 
requiring minimal movement during processing.

Ferri/austenitic processes
The Omega ferri/austenitic Delta processes are carried out in most instances in the 
temperature range 600° - 700°C. Delta processes bridge the gap between ferritic 
nitrocarburising processes and austenitic processes. Material sections which cannot 
withstand classical case hardening because of the associated distortion or the deep case 
depths because of the material section and yet have poor service life with ferritic 
nitrocarburising can now be processed to an acceptable standard using Delta 
technology.

Delta processes superimpose a compound layer on top of a shallow conventional case 
and are available for the treatment of mild and low alloy steels, stainless steels and 
titanium alloys.

Austenitic processes
Austenitic processes can be divided into two categories - austenitic and extended 
austenitic. Omega’s Alpha Plus processes are carried out in the austenitic range under 
a considerably lower temperature than conventional case hardening. The processes 
produce a compound layer some 50 microns in depth superimposed on a carbo-nitrided 
type case of 0.125 - 0.15mm. Processed components demonstrate a remarkable 
combination of properties, including wear resistance, corrosion resistance and medium 
indentation resistance.

Alpha Plus processes eliminate the need for post-heat treatment plating or phosphating 
and, because of the comparatively lower movement factor in processing, they have 
been extremely successful in overcoming the problems associated with the treatment of 
components of difficult geometry e.g. clutch plates, handbrake ratchets, slides, tracks, 
pawls and cams.

Increased indentation resistance for heavy applications requires the use of the extended 
austenitic processes such as the Omega Beta group. These produce a unique 
combination of deep case depth and surface compound layers. Beta processes are 
applicable to aggressive working environments e.g. heavy wear conditions with 
corrosion attack.

Case depths of up to 2mm can be produced with a superimposed compound layer of 
30-50 microns. Beta processes have been applied where conventionally case hardened 
components have foiled. The processes are applicable to plain carbon and low alloy 
steels and can often enable the use of cheaper materials.

Low temperature thermo-chemical processes are now being successfully applied 
globally to enhance the service life of engineering components and are solving 
problems not previously possible with conventional heat treatment technology.

Omega Technical Services - advanced heat treatment processes



Process DescriDtHm Properties
. hi m 14111 tmm n nm^i   1

AppHCfttieftxs '' ! -

Alpha
(PNC3, PNC20, 
SQ)

Low temperature 
ferritic
TOtrocarburising
processes.

Low distortion
Scuff and seizure 
resistance
Corrosion resistance 
Superior surface finish

Mild steels, nitridable alloy 
steels, and tool steels for 
crankshafts, camshafts, 
cylinders, seat slides tec.

Alpha Plus 
(Alpha Plus 5,

I Alpha Plus 10)

Austenitic
thermo-chemical
processes

Shallow case with 
superimposed compound 
layer.
Indentation resistance 
Scuff and wear 
resistance
Minimum distortion 
during processing 
Corrosion resistance

Mild and low alloy steels 
with thin and complex 
geometries eg automotive 
clutch plates, ratchets, 
door latch components 
and pressings.

I Beta
I (Beta 25,
I Beta 40,

Beta PC)

Extended 
austenitic thermo- 
chemical 
processes

Extreme wear resistance 
Medium to heavy 
indentation resistance 
Corrosion resistance 
suitable for aggressive 
environments.

Mild and low alloy steels.
Can replace more 
expensive materials
Case depths between 0.6 
and 3.0 mm.
Rail transport components 
(e.g. brake parts)
Agricultural components 
Mining industry 
components

I Delta Ferri/austemtic
nitrocarburising
process

State-of-the-art process 
for treatment of thin 
section material.
Provides duplex 
properties between 
ferritic and austenitic 
processes
Excellent scuff and wear 
resistance
Medium indentation 
resistance
Minimum distortion 
Excellent corrosion 
resistance.

Mild, medium carbon and
low alloy steels of thin 
section, eg garden shears, 
secateurs, cutting blades, 
lawn mower blades, 
pressings requiring case 
hardening.

I Delta SS Low temperature 
thermo-chemical 
process for 
stainless steels

Imparts wear resistance 
to stainless steels

Austenitic and martensitic
stainless steels, eg dairy 
and food equipment, 
medical equipment

I Delta TiG Thermo-chemical 
treatment of 
titanium and 
titanium alloys

Veiy shallow case depth
Imparts wear and scuff 
resistance (to inherent 
properties of titanium 
and titanium alloys).

Titanium and titanium 
alloys, eg cycle industry, 
aircraft industry and 
racing car components



Attractive gold surface 
finish.

Zeta NT Accelerated 
gaseous nitriding 
process

Nitriding properties with 
up to 70% reduction in 
cycle times
Slightly darker finish 
than classical nitrided 
surfaces.

All materials capable of 
conventional nitriding, eg 
pump shafts and moulding 
dies for TV tubes.

Sealbond Enhanced low
temperature
ferritic
nitrocarburising
process

Wear and scuff 
resistance
Enhanced corrosion 
resistance (standard 
ASTM salt spray tests - 
resistance up to 1000 
hours)
Aesthetic blue/black 
finish
Dry or oil coated.

Applied to mild and low 
alloy steels for service in 
low indentation 
environments.
Particularly suitable where 
corrosion resistance 
required in low 
maintenance capability 
areas, eg gears, shafts, 
worms, special fasteners, 
mining industry 
components.

N.B. Process names are trademarks of Omega Technical Services.
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THERMOCHEMICAL TREATMENTS TO COMBAT 

WEAR AND CORROSION

fry CB. /hinick P.H. Heat Treatment cc.. Sou/h Africa ami P.F. Stratton, HOC Gases, UK

Tlie demands lor Improved performance of steel components in 
aggressive environments are ever rising forcing today’s engineers 
to be increasingly innovative in their manufacture. Furthermore, 
with increasing cost pressures and the necessity to compete 
globally, local manufacturers need to produce high quality 
products at the lowest prices. It is evident that the cost of the 
replacement of engineering components which have failed 
prematurely due to a combination of wear and corrosion in the 
gold and coal mining industries is very high. The cost of this 
material degradation rcprescnls a sizeable proportion of the 
overall operating cost of a typical mine.
Much research has gone into the development of new materials 
and coatings in order to overcome these problems, however, 
although they have been successful in certain applications, 
generally their cost has been prohibitive. According to Cortie el 
al “In general, the quarlz.itic rock of gold mines is extremely 
abrasive and, although martensitic alloys are sometimes used, 
other materials, including mild steel, are frequently found to be 
more cost effective. In general, it can be said that, besides mild 
steel, there is no single material that can be applied generally to 
mining environments'*.
rabk i s/totrs a summary of (he types of nvur ihal occur in practice--

Often tire conditions combine in service and it is difficult to 
isolate the effects of each. In many environments corrosion 
often takes place simultaneously accelerating wear.
Wear resistance
Although the mechanisms of wear can be complex, it is generally 
accepted that the higher the hardness of the materials of 
construction, the greater the wear resistancel51- For steels of the 
same hardness, microstructurc plays an important part, 
martensite being better than pearlite. It has also been 
established that as the amount and/or size of carbides at the 
wear surface increases, the wear resistance increases. However, 
it is interesting to note in this respect that deep cold treatments
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which produce large numbers of very fine carbides have been 
shown to dramatically increase the wear resistance of tool steels 
;|. Furthermore, the harder the abrasive medium the greater will 
be the wear on working parts and the smaller the differences 
between materials and treatments. Only when the hardness of 
the part exceeds that of the abrasive are significant 
improvements made.

Figure ! The meKr resistance of cngirceriny 
materials

It may Ire possible to meet the 
demand for Improved wear and 
corrosion resistance at the same 
time as that for cost reduction by 
understanding the properties 
required of steel parts in their 
working environment. Instead of 

only looking for new, expensive alloys, composites and coatings, 
the engineer may wish to consider what, if anything, can be done 
to improve the life of mild steel and conventionally used low 
alloy steels used in environments where wear and corrosion are 
predominant. Experience in dealing with the problems of the 
mining industry suggests that low temperature thennochemicai 
treatments might be an answer in many cases.
For many years conventional heat treatment processes such as 
hardening carburising and nitriding have been used to improve 
strength, wear and impact resistance of components. Even 
though these treatments are successful in many instances (e.g. 
carburising gears working in well lubricated environments), 
conventional heat treatments cannot solve many problems 
where extreme abrasion is combined with corrosion. For 
example, carburising or carbonitriding impart wear resistance to 
low alloy and mild steels with surface hardnesses reaching 
8501 Iv (651 IRC). However, the components thus treated are not 
corrosion resistant and the heat treatment distortion which 
results necessitates expensive post-carburising grinding 
operations. Another example is the hardening and tempering of 
martensitic steels. Unless expensive tool steels are used only 
moderate hardnesses around 450Hv (40HRC) arc obtainable 
without significant loss of impact strength.
When one considers that the hardness of quartzite in gold- 
bearing ore is between 840Hv and l200Hv, the martensitic or 
even hard-faced steels of hardnesses between .TOO and 600Hv, 
often offer little or not cost advantage l". Often components in 
these environments cannot be lubricated to reduce wear and 
furthermore, these martensitic steels generally do not have good 
corrosion resistance.
Thcrmochemical treatments
Low temperature thermochemical surface treatments lie between 
carbo-nitrkiingand nitriding in terms of process temperature and
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composition of the resultant surface layers. They produce a 
compound surface layer which is scuff and corrosion resistant, 
supported by a carborv'nitrogen diffusion zone which improves 
wear and fatigue life. Generally known as nitrocarburising, low 
temperature surface treatment processes can vary considerably 
in the properties induced and in their areas of application. A 
range of such treatments has been developed by Omega 
Technical Services and licensed world-wide in co-operation 
with ROC Gases H. One of those Ikencees is P.H. Heat 
Treatment cc.t South Africa who specialise in treatments for the 
mining industry.
The processes fall into three basic families: ferritic, 
ferrifaustenitic and austenitic. Only those processes with direct 
relevance to the mining industry will be discussed in detail 
although it should be remembered that they are but a part of a 
larger family of processes any one of which may be applicable to 
a particular component in a particular working environment. 
Ferritic processes
The process temperature range is 500° to OOCTC. Ferritic 
processes transfer nitrogen or carbon and nitrogen to the surface 
layers of ferrous materials to form a compound layer of 

or Fe2.^CN. . This layer is of the order of 12 to 50 
microns thick, depending on the process parameters. The 
surface hardness is dependent on the base materials but is of the 
order of 800 to greater than I .OOOHv. The compound layer has 
outstanding properties:
• Exceedingly high resistance to wear, scuffing and seizure.
• Excellent corrosion resistance - some applications use the 

processes solely for resistance to corrosion. (NB The corrosion 
resistance of a gaseous nitrocarburiscd surface under most 
conditions is superior to that of phosphate coatings or 
passivated zinc plating.)

• Good lubrication retention properties - the compound layer 
contains a certain amount of micro-porosity which serves 
to hold the lubricant (the degree of micro-porosity can 
be controlled to a level commensurate with the 
particular application.)

• An improvement in fatigue properties dependent upon the 
material composition.

Fhe surface of all ferrilically nitrocarburised components exhibits 
a certain level of porosity after treatment. However the Omega 
PNC group of processes result in a lower level of porosity with no 
deterioration of the lubrication retention properties. This 
produces a superior post-heat treatment surface finish. The 
hardness of Ihe substrate depends on the presence of alloying 
elements in the steel. Figure 2 shows the effect of Alpha PNC20 
on hardness. PNC processes are improved alternatives to 
traditional gaseous nitriding or to salt bath processes such as 
Tufftride. Jenifer, Sulphinuz and Sursulf, which have associated 
problems of toxicity, salt retention in blind holes, etc. and inferior 
surface finish, with savings of up to 70% in processing costs. 
Typical applications of the process are crankshafts, gears, 
camshafts and cylinders.
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Sealbond is a further development of the ferritic nitrocarburising 
process which induces corrosion resistance to a level which 
withstands up to 1000 hours exposure in the standard salt spray 
test. This process eliminates the need for post-heat treatment 
plating or phosphating. It is applied to mild and low alloy steels 
as well as cast iron and in low indentation environments such as 
cast iron pump casings, valve housings, gears and shafts. The 
compound layer is 15 to 30 microns thick and has a hardness of 
at least 800 Hv.
The majority of conventional thermochemical heat treatment 
processes are accompanied by distortion in some shape or form. 
In view of this problem, it has been common practice and 
necessary when machining prior to heat treatment, to leave on a 
certain amount of stock to allow for post-heat treatment grinding, 
in order to achieve the required final dimensions. To a certain 
extent, lower temperature processes, such as the Alpha 
processes have overcome the distortion problems, but tire 
resulting heat treated condition, while being resistant to scuffing, 
left a great deal to be desired, when applied to an environment 
which requires both excellent wear resistance as well as 
indentation resistance. In these environments, the ferritic 
nitrocarburising type processes and their salt bath counterparts 
were found wanting.
Austenitic processes
Austenitic processes can be divided into two categories - 
austenitic and extended austenitic. Omega’s Alpha Plus 
processes arc carried out in the austenitic range under a 
considerably lower temperature than conventional case 
hardening. The processes produce a compound layer some 50 
microns in depth superimposed on a carbonitrided case of 0.125 
- 0.15mm. Processed componenls demonstrate a remarkable 
combination of properties, including wear resistance, corrosion 
resistance and medium indentation resistance. /Although the 
surface finish of Alpha Plus treated components is excellent, the 
surface properties can be further enhanced by post heat 
treatment controlled oxidation and coating with light oils.
Alpha Plus processes eliminate the need for post-heat treatment 
plating or phosphating and. because of the comparatively lower 
movement factor in processing, they have been extremely 
successful in overcoming the problems associated with the 
treatment of components of difficult geometry' e g. dutch plates, 
handbrake ratchets, slides, tracks, pawls and cams. It can be 
applied to mild and low alloy steels. By adjusting ihe process, a 
choice may be made of either maximum wear and indentation 
resistance, or slightly lower wear resistance with greater ductility, 
imparting a "spring-like’ condition.
Figure 3 and Figure 4 show that the surface layer consists of an 
epsilon compound layer (800 to l lOOHv) with a depth of 25 to 
50 microns over an underlying conventional tempered 
martensitic or bainitic layer of up to 0.3tnm deep.

X 100 2&0 300 400 5^0 600 
conipoLiid layer Depth microns

Figure 3. iVftcro JMrtf/Jess profile an 
Alpha Plus 10 treated on EnilP 
component.

Figure 4. Shawlraelure of u.*> Alpltu 
Plus treated ,;ii.,u steel component. 
(\U^n/fkatk>n x 500}
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Increased Indentation resistance for the most aggressive wear 
conditions in a corrosive environment requires the use of the 
extended austenitic processes such as the Omegas Beta 
treatments. These produce a unique combination of deep case 
depth and surface compound layers. Beta processes are 
applicable to aggressive working environments e.g. heavy wear 
conditions with corrosion attack. Case depths of up to 2mm can 
be produced with a superimposed compound layer of 25-50 
microns (Table 2). Beta processes have been applied where 
conventionally case hardened components have failed. The 
processes arc applicable to plain carbon and low alloy steels and 
can often enable the use of cheaper substrate materials.

Name of Compound Compound Substrate Substrate
Processes Laver Depth layer Case Depth Hardness

(microns) Hardness (Hv) (mm) (Hv)
to 25 25-50 >800 0.625-0.75 xw
to 40 25-50 >80O Approx. 1.0
tea PC 25-50 >800 1.1-iO*

r,ih.V 2, 77k Beta TKxTOi/wmJurf TTcahnents
•Any depths which can he achieved by prior carburising may be 
obtained.
The Beta 25 process is the basic Beta process and was developed 
for the processing of mild and low alloy steels, for application in 
particularly aggressive wear and corrosive environments, where 
conventional case hardened components and expensive 
materials had proven to be unsatisfactory, for example, brake 
parts for rail cars. Here these parts are subjected to abrasion 
from debris under the cars in all types of climatic conditions, as 
well as discharge from the rail car toilets. Beta 40 and Beta PC 
cater for increasingly heavier wear conditions.

Figure t> - Mfcm-haniness profrit of a 
Beta i'O Ireaicd on F.nVB component.

All processes within the Beta 
y E3o Toco "two group have an intermetallic 

ovko**Depth microns compound layer on the
surface. This layer is corrosion resistant and extremely hard. 
Beneath it. conventional cases of up to 3mm can be present 
(Figure 6). A remarkable feature of the case under the 
compound layer is the presence of isolated carbides in a matrix 
of martensite, similar to those encountered in some tool steels 
(Figure 7). The overall effect is the imparting of a combination of 
substantial indentation resistance, remarkable wear resistance 
and corrosion resistance.

Figure 7 (toe iTWcrostructurr showfng 
otvnpound layer aid "{.ej? of Afun“ 

carbides in a martensite matrix

The combination of properties 
available from these process 
have enabled engineers not only 
to solve long-standing service 
life problems, but have also, in some circumstances, allowed the 
replacement of expensive alloy steels with less expensive 
materials, while giving Improved performance. Kxamples of 
applications of the Beta processes are pump components, chain 
pins, machine slides, bearings, gears, levers and ratchets.
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Engineered Surfaces for the Transportation Industries

P F Stratton, BOC, Rotlier Valley Way, Holbrook, Sheffield, S20 3RP, UK

K Bennett, KMB Metallurgical, 56 Clayton Hall Road, Cross Hills, West Yorkshire,
BD20 7TB, UK

Abstract

Low temperature surface treatments are processes tiiat, in temis of process temperature and 
composition of the resultant surface layers, lie between carbonitriding and nitriding. They all 
produce a compound surface layer that resists scuffs and corrosion, supported by a 
carbon/nitrogen diffusion zone that improves wear and fatigue life. They are habitually included 
under the general term nitrocafburising but in reality they can vary considerably in the properties 
induced and in their areas of application. Applications are as diverse as the surface properties 
produced, from crankshafts to windscreen wipers.

The properties produced by a range of treatments ar e discussed and some of their applications in 
the fransport industries are highlighted. More extensive details of the properties obtained from a 
few of these treatments are given in relation to particular applications. These include the use of 
the extended austenitic nitrocarburising process to produce a combination of wear resistance, 
indentation resistance and excellent corrosion resistance on mild and low alloy steel components 
for application in aggressive working conditions. The oxy-ferritic nitrocarburising process also 
produces scuff resistant, lubrication retentive and corrosion resistant surfaces on components 
situated in areas where maintenance is difficult.

1.0 Introduction

Nitrocarburising and its derivatives can meet much of the perceived need for lower energy, 
shorter cycle, thermochemical surface treatments [1], These low temperature surface treatments 
are a range of processes that, in terms of process temperature and resultant surface conditions, lie 
between carbonitriding and nitriding [2]. All the processes produce a surface compound layer 
that is scuff and corrosion resistant, supported by a carbon/nitrogen diffirsion zone, which 
improves wear and fatigue life. The processes tend to be grouped under tire general term of 
nitrocarburising but in reality they can vary considerably not only in the properties induced, but 
also in their areas of application. The range of applications is as diverse as the surface properties 
induced - from crankshafts to connecting rods, from wheel studs to windscreen wipers [3].

The development of these processes has been driven by ever-increasing demands for steel 
components to perform to higher standards in aggressive environments. Engineers today are 
required to produce components with improved metallurgical properties and dimensional 
accuracy, using lower cost materials and lower cost processes. Engineered-components are often 
subject to a combination of conditions in service, such as wear and corrosion attack, to which 
conventional treatments offer limited resistance. The processes that BOC market worldwide 
meet these needs [4]. The wide range of nitrocarburising treatments they supply may



conveniently be divided into groups by processing temperature. Each group - austenitic, fern- 
austenitic and ferritic - is discussed below.

2.0 Austenitic processes

Austenitic nitrocarburising processes are carried out in the austenitic range at a considerably 
lower temperature than conventional case hardening. They produce a compound layer some 50 
microns in depth superimposed on a normal carbonitrided case of 0.125 - 0.15mm [5]. A typical 
microstructure is shown in Figure 1.

Processed components demonstrate a remarkable combination of properties, including wear 
resistance, corrosion resistance and moderate indentation resistance. The processes eliminate the 
need for post-heat treatment plating or phosphating. They have also been extremely successful 
in overcoming the problems associated with the treatment of awkwardly shaped components 
such as clutch plates, handbrake ratchets, slides, tracks, pawls and cams, because there is much 
less distortion.

Figure 1. Photomicrograph of austenitic nitrocarburised mild steel

Extended austenitic nitrocarburising processes have been used where conventionally case 
hardened components have failed. The processes can be applied to plain carbon and low alloy 
steels so they often permit the use of cheaper materials.



Figure 2. SAE 1020 clutch plates treated using austenitic nitrocarburising

Traditionally, the manufacture of automobile clutch plates has been associated with high costs 
because the large amounts of scrap are produced. Extraordinary efforts, for example induction 
flattening and jig quenching, have been made to recover the scrap. Processing of SAE 1020 
clutch plates (Figure 2) by the austenitic nitrocarburising process (Epsilon ANC/SQ/MS/CL) 
reduced scrap levels considerably and eliminated the need for post-treatment phosphating, so it 
also saved energy.

Figure 3. Extended austenitic nitrocarburised rail bogie pins and bushes

Because of the nature of the components and the jigging required, loads of only 200 kg are 
possible in a typical sealed quench furnace. In this instance the effect of die lower temperature 
austenitic nitrocarburising process is balanced by the need for a higher tempering temperature. 
However, the elimination of the phosphating process saves both energy and processing costs. In 
addition the reduction in scrap rate can equate to an energy saving of 25% or more. The



processing of clutch plates by this route has been in production in South Africa and Australia for 
some considerable time [6],

A problem was found with high maintenance costs of the pins and bushes on the bogies 
(Figure 3) beneath trains. These components were constantly exposed to wear from the grit on 
the track disturbed by high speed trains as well as corrosion attack from the discharge from the 
onboard toilets. Many attempts had been made to solve the problem, for example conventional 
case hardening and various types of plating, but with little success. The problem was solved by 
treatment with the extended austenitic nitrocarburising process (Epsilon EANC/SQ/MS/M), 
which produced a combination of a deep, wear resistant diffusion zone and a corrosion resistant 
epsilon surface layer.

3.0 Ferri-austenitic processes

Ferri-austenitic nitrocarburising processes are carried out in most instances in the temperature 
range 600 - 700°C and bridge the gap between ferritic nitrocarburising processes and austenitic 
processes. They are applicable to material sections that cannot withstand normal case hardening 
because of the associated distortion, or the deep case depths because of the material section, and 
yet have poor service life when ferritically nitrocarburised. This range of processes 
superimposes a compound layer on top of a shallow conventional case and gives an acceptable 
standard of treatment to mild and low alloy steels, stainless steels and titanium alloys. A 
photomicrograph of a typical layer produced on mild steel is shown in Figure 4.

Figure 4. Photomicrograph of ferri-austenitic nitrocarburised mild steel

The SAE 1020 tag washers shown in Figure 5 were originally specified for standard shallow case 
carbonitriding but unfortunately the geometry of the components was such that carbonitriding 
produced unacceptable distortion. Trials were carried out with salt bath ferritic nitrocarburising but 
the properties produced were not good enough to avoid collapse of the surface in service. The problem



was solved by processing with a ferri-austenitic nitrocaiburising process (Epsilon FANC/SQ/MS/L), 
which produced a deeper diffusion zone to support the epsilon layer.

Figure 5. Ferri-austenitic nitrocarburised SAE 1020 tag washers

The superb properties of lightness with strength of titanium alloy shafts for racing bicycles 
(Figure 6) could not be fully exploited because of wear that was taking place. Treatment with a 
ferri-austenitic nitrocaiburising process solved the problem by producing a hard, highly wear 
resistant, nitrogen enriched surface layer (Figure 7).

Figure 6. Ferri-austenitic processed titanium bicycle shafts
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Figure 7. Microhardness traverse on titanium alloy

4.0 Ferritic processes

Ferritic processes, normally carried out in the temperature range 500 - 600°C, transfer nitrogen 
or carbon and nitrogen to the surface layers of ferrous materials to form a compound layer of Fe2- 
3N or Fez-jCN and an underlying zone of nitrogen difiusion (Figure 8) [5].

Figure 8. Photomicrograph of a typical compound layer on ferritically nitrocarburised mild steel.
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Figure 9. Microhardness traverse of ferritically nitrocarburised mild steel 

The layer has:
? Exceedingly high resistance to wear, scuffing and seizure.
? Excellent corrosion resistance - some applications use the processes solely for resistance to 

corrosion. It should be noted that the corrosion resistance of a surface ferritically gaseous 
nitrocarburised under most conditions is superior to one that is phosphate coated or 
passivated zinc plated.

? Good lubrication retention properties - the compound layer contains some micro-porosity 
that serves to hold the lubricant The degree of micro-porosity can be controlled to match the 
particular application. This tailoring of surface characteristics can be a very important factor.

? An improvement in fatigue properties dependent upon the material composition.

The surface of all ferritically nitrocarburised components exhibit some porosity after treatment 
However, experience has shown that it is possible to reduce the level of porosity without 
affecting the lubrication retention properties. This produces a superior post-heat treatment 
surface finish. These processes are superior alternatives to traditional gaseous nitriding and can 
save up to 70% in processing costs. The processes are normally carried out in pit furnaces and 
are particularly suitable for the treatment of crankshafts and components of similar geometry.

The crankshafts shown in Figure 10 were previously gas nitrided in a pit furnace for a floor-to- 
floor time of some 105 hours to achieve the required properties. They then required finish 
grinding to remove the brittle white layer. The use of an optimised nitrocarburising treatment - 
Epsilon AN/PB/AS/M - resulted in a shorter process cycle to produce the same case depth, and 
eliminated the post grinding process. As a result, overall costs are reduced The comparison 
between classical gaseous nitriding and Epsilon AN/PB/AS/M for a typical load of six large 
crankshafts is shown in Table 1.



Figure 10. SAE 4140 crankshafts

Added value properties were also produced. The improved seizure resistance produced by the 
Epsilon treatment allowed the use of cheaper bearing bushes [8], The shorter cycle utilised by the 
Epsilon process increases the production capability of existing furnace equipment by 48 % and 
resulted in an energy saving of 615 kWh per component treated.

Table I Comparison of gas nitriding and Epsilon AN/PB/AS/M treatments

Process Gaseous nitriding Epsilon AN/PB/AS/M

3190 US$ 1670US$

Operating cost (105 hrs floor-to-floor) (55 hrs floor-to-floor)

Power consumption 7815 KWh 4077 KWh

Post-grinding cost

474 US$

(white layer)
No post-grinding 
(compound layer)

Post-grinding power 
consumption 32 kWh -

TOTAL COST 3664 US$ 1670 US$

TOTAL ENERGY 7847 kWh 4077 kWh

Ferritic nitrocarburising is also possible in sealed quench furnaces, allowing quenching of 
components if required. Ferritic nitrocarburising technology can produce an accelerated gaseous 
nitriding process that reduces significantly the traditional 80-100 hours’ process time. The



process is carried out at conventional nitriding temperatures, ensuring minimal distortion. It is 
used as an alternative to ferritic nitrocarburising processes if the core hardness of hardened and 
tempered components cannot withstand the typical ferritic nitrocarburising temperature. 
Although the floor-to-floor cycle time is some 10 hours longer than the ferritic nitrocarburising, 
it still offers considerable savings.

Oxy-ferritic nitrocarburising is a further development of the ferritic nitrocarburising process 
which induces corrosion resistance, on mild steel and low alloy steels, to a level that withstands 
over 600 hours’ exposure in the standard ASTM salt spray test (Table 1). It eliminates the need 
for post-heat treatment plating, phosphating etc., reducing manufacturing costs considerably. 
The process serves to enhance further the corrosion resistance produced by other ferritic 
nitrocarburising processes, whilst producing an aesthetically pleasing blue/black finish.

Table 2. Comparative Corrosion Resistance - Salt Spray Testing to ASTM B117-73

Type of Finish Hours to
Failure*

Phosphate/oiled 64 hours
Passivated zinc plating 64 hours
Electroless nickel plating 64 hours
Passivated cadmium 
plating (10/12 microns)

348 hours

Passivated cadmium 
plating (25/35 microns)

3800 hours

“Oxy- ferritic 
nitrocarburising” 
Nitrocarburised (10/20 
microns)

645 hours

“Oxy- ferritic 
nitrocarburising”
N itrocarburised (25/35 
microns)

1038 hours

* Failure defined as No.7 (0.3% red rust) ASTM Chart D610

One problem encountered using earth-movers is mud, which can clog tracks and other mechanisms. 
One solution is to dry out the mud so that it cracks and falls off An obvious source of heat to achieve 
this at minimal cost is the vehicle exhaust gases. The devices used direct the exhaust gases at the 
problem area. A flexible coupling separates the exhaust and area of application, so the device also 
needs to flex and this is achieved using a tubular ball and socket arrangement The component is 
operating hot in a corrosive environment and also needs to be capable of sliding easily. This 
combination of properties can be achieved using a ferritic nitrocarburising process optimised for 
corrosion and seizure resistance (Epsilon FNC/PB/MS/S-CL). This process replaced the original 
aluminium metal sprayed finish, which did not perform satisfactorily.

A photomicrograph of the ball component is shown in Figure 11 and the hardness profiles of both 
components in Figure 12. Figure 11 clearly shows the epsilon iron nitride layer with controlled micro-



porosity that is produced by the Epsilon FNC/PB/MS/S-CL treatment The micro-porous layer 
absorbs oil, increasing both corrosion resistance and lubrication.

Aluminium foil

----- Ball
------Socket

- 400

Depth (microns)

Figure 12. Hardness profiles of the ball and socket (Grey bar indicates compound layer)

5.0 Conclusions

Low temperature thermochemical processes are now being successfully applied globally to 
enhance the service life of engineering components and are solving problems that conventional 
heat treatment technology found intractable. Particular successes are being registered on a daily 
basis in such demanding industries as automobile manufacturing, gold and coal mining, chain 
manufacturing, the glass industry, drop forging, aluminium extrusion, metal forming.
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Abstract

Nitrocarburising can often be used as an alternative to conventional thermo chemical treatments 
such as carburising, carbonitriding and nitriding. The properties produced are always at least as 
good, and hi many cases enhanced, compared to high temperature thermochemical processes. 
Because nitrocarburising is generally earned out at lower temperatures and/or for shorter times 
than the conventional alternatives, there can be substantial energy savings. The enhanced 
properties, particularly improved resistance to corrosion and seizure, often mean that there is no 
need for any further treatments, saving yet more energy and cost. Some examples of the 
application of the range of Epsilon optimised nitrocarburising processes offered are described, 
together with the properties they produce and their potential for energy savings.

Introduction

As discussed in the ASM Heat treating Technology Roadmap Workshop, the heat treatment 
industry is keen to develop processes that will allow more efficient control of energy, and the 
need for these processes is clear [1]. The ideal process would have a shorter cycle, operate at a 
lower temperature and be capable of achieving the required properties in a single step. The 
nitrocarburising processes described can meet all or most of these goals. In addition the 
processes all produce a scuff and corrosion resistant compound layer, supported by a 
carbon/nitrogen diffirsion zone, that improve corrosion and fatigue life, so adding yet more
value [2],

Today engmeers aim to lower costs, including reduction in energy consumption, but at the same 
time to increase quality. Quality implies long and operational life at hill performance. Most 
components are subject to a combination of conditions in service, for example wear and 
corTosion attack, to which conventional treatments have limited resistance. To achieve higher 
quality products at lower cost, engineers concentrate on finding ways to produce components 
that combine improved metallurgical properties with dimensional accuracy and that can be 
produced using cheaper materials and processes. The Epsilon processes help to solve these 
problems in a number of different ways [3],



1. Cycle times: Decreasing tlie cycle times will lead to reductions in energy and atmosphere 
costs. In addition, the furnace capacity and the furnace equipment life will increase. This 
will also increase the production capacity of the manufacturing facility.

2. Materials: Many engineering components are made from expensive highly alloyed steels, 
not because the properties they offer are required throughout die material, but because diey 
are required at or near the surface. Therefore the use of lower cost materials will also reduce 
costs directly.

3. Energy costs: There are a number of possibilities for decreasing energy costs. These 
include decreasing cycle times, as described above, and decreasing process temperature. 
Epsilon processes operate at lower temperatures dian traditional processes resulting m 
significant energy saving.

4. Reduced distortion: Distortion is a significant factor in higher temperature processes. 
Although in many cases it is possible to use low cost materials and modify die surfaces by 
Tn'gVi temperature methods, diese methods invariably result in excessive distortion giving 
rise to a decrease in yield By decreasing the temperature it is possible to predict the growth 
rate after treatment, making it possible to machine finish components before treatment again 
reducing energy.

5. Single step treatment: Epsilon treatments offer a industrial gases-based surface treatment 
as an alternative to traditional salt bath treatments. With Epsilon treatments there is no need 
to clean the surface from the salt residues after treatment, thus eliminating the post cleaning 
operation and its associated energy consumption and waste disposal costs.

Epsilon treatments produce an ? compound layer of Fez-jN or Fez-aCN that is more flexible dian 
the brittle ? white layer that is produced by traditional nitriding treatments. As a result the need 
for post grinding operations are eliminated, thus reducing the energy consumption of additional 
operations before and after the treatment. Finally the corrosion resistant properties of the 
siuface compoimd layer are such that post process treatments such as phosphating or plating are 
not required again reducing overall energy consumption.

Production examples

Pump gears

The chemical pump gears shown in Figure 1 are manufactured from SAE 1045. They were 
previously hardened and tempered and dien heavily nickel plated to improve corrosion 
resistance. The process was changed to the oxy-ferritic nitrocarburising using Epsilon 
FNC/PB/MS/S-CL resulting in the elimination of the nickel plating step and significantly 
reducing energy consumption and costs.



Figure 1: Pump gears in SAE 1045

Oxy-ferritic nitrocarburising (Epsilon FNC/PB/MS/S-CL) is a development of the ferritic 
nitrocarburising process that induces an enhanced corrosion resistance on mild and low alloy 
steels by a post treatment controlled oxidation of the compound layer. The layer can then 
withstand up to 600 hours’ exposure in the standard ASTM salt spray test (Table I). It 
eliminates the need for post-heat treatment plating, phosphating etc. As well as increasing 
corrosion resistance, the process produces an aesthetically pleasing blue/black finish.

TABL I Comparative Corrosion Resistance - Salt Spray Testing to ASTM B117-73
Type of Finish Hours to Failure*
Phosphate/Oiled 64 hours
Passivated Zinc Plating 64 hours
Electroless Nickel Plating 64 hours
Passivated Cadmium Plating (10/12 microns) 348 hours
Passivated Cadmium Plating (25/35 microns) 3800 hours
Oxy-nitrocarburised (10/20 microns) 645 hours
Oxy-nitrocarburised (25/35 microns) 1038 hours

*Failure defined as No.7 (0.3% Red rust) ASTM Chart D610

A comparison of the two processes in terms of the energy used for a full furnace load of 1 tonne 
of components is shown in Table II. The original harden, temper and nickel plating route used 
almost twice the energy required by the oxi-ferritic nitrocarburising process. The first major 
saving is in the energy required to heat the load to the operating temperature - hardening 
requires heating to 8507C whereas the Epsilon route only requires heating into the ferritic 
region. This gain is somewhat mitigated by the need to maintain the Epsilon treated parts at 
temperature for longer, thus incurring additional heat loss from the furnace. The Epsilon 
treated parts do not require quenching or tempering, so the furnace energy expended in these 
processes is not required. In addition the surface layer formed is so corrosion resistant that the 
electroplating step can be eliminated along with the associated energy consumption. It should 
be noted that any additional energy required for the disposal of electroplating wastes has not 
been taken into consideration.



Table II Comparative energy requirements
Process Step Harden, temper and 

nickel plate (KWh)
Oxi-ferritic nitrocarburise 
(KWh)

Heat to processing 
temperature

264.5 163

Hold at processing 
temperature

27 66

Quench 5
Heat to tempering 
temperature

94

Hold at tempering 
temperature

44

Electroplating 20
TOTAL 454.5 229

Crankshafts

The crankshafts shown in Figure 2 were previously gas nitrided in a pit furnace for a floor to 
floor time of some 105 hours to achieve the required properties and then required finish 
grinding to remove the brittle ? white layer. The use of an optimised nitrocarburising treatment 
- Epsilon AN/PB/AS/M - resulted in a shorter process cycle - only 55 hours - and the 
elimination of the post grinding process. As a result, overall energy consumption is reduced 
because although the operating temperatures are similar - thus with similar heating energy 
requirements - the time at temperature - hence furnace heat losses - are greatly reduced. As post 
treatment grinding is not required all the energy associated with this process is saved. The 
comparison between classical gaseous nitriding and Epsilon AN/PB/AS/M for a typical load of 
six large crankshafts is shown in Table III.

Figure 2: SAE 4140 crankshafts

Added value properties were also produced. The improved seizure resistance produced by the 
Epsilon treatment allowed the use of cheaper bearing bushes [4], The shorter cycle utilized by 
the Epsilon process increases the production capability of existing furnace equipment by 48 % 
and resulted in an energy saving of 615 KWh per component treated.



Table HI Comparison of gas nitriding and Epsilon AN/PB/AS/M treatments
Process Gaseous nitriding Epsilon AN/PB/AS/M

Operating Cost
3190US$

(105 hrs floor-to-floor)
1670 US$

(55 hrs floor-to-floor)
Power consumption 7815 KWh 4077 KWh

Post-grinding Cost
474 US$

(White Layer)
No post-grinding

(Compound Layer)
Post-grinding power 

consumption 32 KWh
TOTAL COST 3664 US$ 1670US$

TOTAL ENERGY 7847 KWh 4077 KWh

Thrust washers

An example of the use of ferritic nitrocarburising (Epsilon FNC/PB/MS/CL) of engine and 
transmission components is thrust washers. One such washer 127 mm (5”) diameter, 6 mm 
(0.25”) thick, was specified to be flat within (0.002”). The primary driver for the change to 
nitrocarburising was the high scrap rate of the carbonitriding process originally used. Because 
of the high processing temperature and the necessity to quench the components distortion was 
unacceptable, but was satisfactory with the lower temperature Epsilon process where no 
quenching or tempering is required. A typical Epsilon treated thrust washer is shown in 
Figure 3.

A comparison between the two processes in terms of energy consumption is shown in Table IV 
for a typical load of 500 Kg of jigged washers. Here again the main energy gain is from the 
lower processing temperature and the need to heat the load to a higher temperature. In this case 
the processing times are similar but, as the heat loss from the furnace is higher at higher 
temperatures, the energy requirement is reduced. No tempering is required so the whole of the 
energy required is saved. No energy credit for the reduction in scrap has been included in Table 
IV, but clearly a greater yield implies a significant reduction in energy as the energy associated 
with the whole production route up to that stage for the scrapped parts is saved.

Figure 3: A typical Epsilon treated thrust washer



Table IV Comparison of nitrocarbarising and carbonitriding energy consumption
Process Step Carbonitride

(KWh)
Ferritic nitrocarburise 

(KWh)
Heat to processing 

temperature
191 108.5

Hold at processing 
temperature

81 66

Quench 5
Heat to tempering 

temperature
22

Hold at tempering 
temperature

10

TOTAL 309 174.5

Clutch Plates

Austenitic nitrocarburising processes are carried out in the austenitic range under a considerably 
lower temperature than conventional case hardening. They produce a compound layer some 50 
microns in depth superimposed on a normal carbonitrided case of 0.125 - 0.15mm [5], A 
typical microstructure is shown in Figure 4.

Processed components demonstrate a remarkable combination of properties, including wear 
resistance, corrosion resistance and medium indentation resistance. The processes eliminate the 
need for post-heat treatment plating or phosphating. They have also been extremely successful 
in overcoming the problems associated with the treatment of components of difficult geometry 
e.g. clutch plates, handbrake ratchets, slides, tracks, pawls and cams, because there is much less 
distortion.

Extended austenitic nitrocarburising processes have been used where conventionally case 
hardened components have failed. The processes are applicable to plain carbon and low alloy 
steels so they often facilitate the use of cheaper materials.



Figure 5: SAE 1020 clutch plates treated using austenitic nitrocarburising

Traditional manufacture of automobile clutch plates has been associated historically with high 
costs due to the high levels of scrap produced. Extraordinary efforts, for example induction 
flattening and jig quenching, have been made to recover the scrap. Processing of SAE 1020 
clutch plates (Figure 5) by the austenitic nitrocarburising process (Epsilon ANC/SQ/MS/CL) 
reducing scrap levels considerably and eliminated the need for post-treatment phosphating and 
hence energy as shown in Table V.

Because of the nature of the components and the jigging required only 200 kg/load is possible 
in a typical sealed quench furnace. In this instance the effect of the lower temperature 
austenitic nitrocarburising process is balanced by the need for a higher tempering temperature. 
However, the elimination of the phosphating process saves both energy and money. In addition 
the reduction in scrap rate can equate to an energy saving of 25% or more. The processing of 
clutch plates by this route has been in production in South Africa and Australia for some 
considerable time [6].

Table V Comparison of austenitic nitrocarburising and carbonitriding energy consumption
Process Step Carbonitride

(KWh)
Austenitic nitrocarburise 
(KWh)

Heat to processing 
temperature

156.7 121.3

Hold at processing 
temperature

27 46

Quench 5 5
Heat to tempering 25.7 43.1
temperature (180?C) (3007C)
Hold at tempering 
temperature

12 17

Phosphating 17.6
TOTAL 244 227.4

Conclusions

Nitrocarburising can often be used as an alternative to conventional thermochemical treatments 
such as carburising, carbonitriding and nitriding. The properties produced are always at least as



good, and in many cases enhanced, compared to high temperature thermocheraical processes. 
Because nitrocarburising is generally carried out at lower temperatures and/or for shorter times 
than the conventional alternatives, there can he substantial energy savings. The enhanced 
properties, particularly improved resistance to corrosion and seizure, often mean that there is no 
need for any further treatments, saving yet more energy and cost.
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Abstract

Off-highway vehicles have to transmit large amounts 
of power and operate in a very demanding 
environment. Earth-movers arguably occupy the 
pinnacle of those demands. Wear is an obvious 
problem, particularly for moving parts exposed to the 
earth itself. Similarly there is corrosion from a damp 
and often acidic environment. High loads with 
intermittent peaks, as irresistible force meets 
immovable object, lead to severe fatigue conditions.

Surface engineering with low temperature 
thermochemical treatments can successfully solve 
many of these problems. This paper highlights the 
Epsilon range of treatments developed by Huyton 
Heat Treatments and licensed world wide by BOC 
Gases, which have proved very effective. Several 
examples of the use of these processes to treat 
components for earth-movers are given, together with 
details of the properties obtained.

Introduction

Every engineer will be able to imagine the 
challenges posed by the demands placed on off- 
highway vehicles; particularly those used to 
excavate, transport, and level the ground. Many are 
very large and powerful with all that implies for 
powertrains. All operate in an environment where 
corrosion and wear can be a significant problem. 
Engineers often face these problems and solution has 
been found to them individually, but there are few 
solutions that can solve all of them simultaneously at 
a reasonable cost. One such solution is 
nitrocarburising.

Figure 1 Terex TR100 mining truck

The nitrocarburising processing temperatures lie 
between those of carbonitriding and nitriding. They 
produce a compound surface layer that resists galling 
and corrosion, supported by a carbon/nitrogen 
diffusion zone that improves wear and fatigue life. 
Basically the higher the processing temperature the 
larger the diffusion zone and the more support the 
compound layer gets. The processes are therefore 
characterised by processing temperature; ferritic 
around 550°C, austenitic around 700°C, and ferri 
austenitic in between.

Some examples of the use of these processes for 
earth-mover components are given below together 
with the properties produced.

Exhaust Directors

One problem encountered on earth-movers is mud. 
Mud can clog tracks and other mechanisms. One 
solution is to dry out the mud so that it cracks and 
falls off. An obvious source of heat to achieve this at 
minimal cost is he vehicle exhaust gases. Such a 
device is offered by Terex on many of its vehicles as 
an optional extra.



These devices direct the exhaust gases at the problem 
area. Because a flexible coupling separates the 
exhaust and area of application, the device also 
needs to flex and this is achieved using a tubular ball 
and socket arrangement (Figure x). The component 
is operating hot in a corrosive environment and also 
needs to be capable of sliding easily. The 
combination of properties can be achieved using a 
ferritic nitrocarburising process optimised for 
corrosion and seizure resistance (Epsilon 
FNC/PB/MS/S-CL). This process replaced the 
original aluminium metal sprayed finish which did 
not perform satisfactorily.

Another component of the exhaust director is a wear 
plate. As the name suggests, this component while 
operating in the same environment as the ball and 
socket, is subject to more wear. There was also a 
problem with seizure of the joint. This component is 
therefore treated using Epsilon FNC/PB/MS/CL 
which imparts more wear resistance while sacrificing 
little in terms of corrosion and seizure resistance.

These ferritic nitrocarburising process transfer 
nitrogen or carbon and nitrogen to the surface layers 
of the mild steel to form a compound layer of epsilon 
iron nitride. The compound layer has outstanding 
properties:
• Exceedingly high resistance to wear, galling 

and seizure.
• Excellent corrosion resistance. Protection 

rating up to 600 hours as assessed by 
Neutral salt spray testing ASTM B117- 
73(BS 7479) - Factor 7 (0.3% Rust - ASTM 
scale D610)

• Good lubrication retention properties - the 
compound layer is micro-porous, which 
serves to hold the lubricant.

• Low and predicable distortion, which is 
important for these thin components

Photomicrographs of both the ball and the socket 
components are shown in Figure y and the hardness 
profiles in Figure 3.
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Figure 3. Hardness profiles of the ball and socket 
(Grey bar indicates compound layer)

Engine and Transmission

Many engine and transmission components are 
treated using different processes optimised for the 
material being processed and the operating 
conditions. One example is a disk driver 
manufactured from 11007 Grade II type SG cast iron. 
The originally untreated components, with internal 
and external involute splines, were failing in fatigue, 
but are now treated using Epsilon AN/PB/AS/M and 
now have a satisfactory service life.

The accelerated nitriding. Epsilon AN/PB/AS/M 
process has been optimised for the treatment cast 
irons. It produce;
• A 12 - 20 micron epsilon compound layer
• A 100 - 500 micron diffusion zone depending 

upon material
• Surface hardness as high as 1200 HV
• Good corrosion resistance
• Good wear resistance
The treatment is used mainly for materials where a 
higher processing temperature would reduce core 
hardness. A hardness profile of the layer produced 
on 11007 Grade II type SG iron is shown in Figure 3. 
Processing results on a clean component ready for 
assembly.

100

Depth (microns)

Figure 3. Hardness profile of disk driver (Grey bar 
indicates compound layer)

Another example is a sleeve ring manufactured in 
AISI 1020. This thin walled 267 mm (10.5") 
diameter, 114 mm (4.5") high component was 
originally carbonitrided but suffered from excessive 
distortion during processing. The treatment was 
changed to a lower temperature austenitic 
nitrocarburising process, Epsilon ANC/SQ/MS/L, 
resulting in satisfactory performance combined with 
acceptable distortion. In this case the ends of the 
component were stopped-off so that they remained 
soft for a final machining operation.



The Epsilon ANC/SQ/MS/L process produces:
• A 25 - 50 micron epsion compound layer
• Case depth 100 - 200 microns (Figure 1)
• A 25 - 50 micron epsilon compound layer
• Case depth 100 - 200 microns
• Case hardness 700 HV
• Good corrosion resistance
It is typically applied to mild and low alloy steels for 
service in low-to-moderate wear applications, 
particularly where improved corrosion resistance is 
required. A photomicrograph of a typical 
microstructure is shown in Figure 4.

Depth (microns)

Figure 4. The microstructure of Epsilon 
ANC/SQ/MS/L

An example of the use of Epsilon FNC/PB/MS/CL 
engine and transmission components is thrust 
washers. One such washer 127 mm (5") diameter, 6 
mm (0.25’) thick, was specified to be flat within 
(0.002"). The scrap rate of the carbonitriding process 
originally applied was unacceptable but was 
satisfactory with the Epsilon process.

A final example is a large internally splined gear 
(Figure 5). This component was originally induction 
hardened, but suffered from excessive distortion. 
The treatment was changed to Epsilon 
FANC/SQ/MS/L, a nitrocarburising treatment carried 
out in between the normal ferritic and austenitic 
temperature ranges, resulting in satisfactory 
properties combined with minimum distortion. The 
process gives:
• A 25 to 50 micron epsilon nitride layer
• A 25 micron supporting diffusion zone
• Moderate corrosion resistance
• Moderate resistance to wear
Typical applied to mild, medium carbon and low- 
alloy steels for service in environments where a 
limited amount of indentation resistance is required. 
A typical hardness profile is shown in Figure 6.

Figure 6. Hardness profile of Epsilon 
FANC/SQ/MS/L (Grey bar indicates compound 
layer)

Bucket Pins

Bucket pins carry out the important task of attaching 
the bucket to the operating arm of diggers etc.. Some 
examples are shown in Figure 7. They operate in a 
high corrosion, high wear environment. Typically 
such components are manufactured from alloy steels 
and either through hardened or carburised. 
Changing the process to Epsilon EANC/SQ/MS/H 
allowed the manufacturer to switch to mild steel 
while retaining all the necessary wear properties. In 
addition the user gained the other advantages of 
Epsilon processing, namely greatly enhanced 
corrosion resistance and resistance to seizure which 
have an important effect on the performance of this 
part.

A typical hardness profile and photomicrograph of 
the microstructure of a typical pin are shown in 
Figures 8 and 9.

Depth rale rone

Figure 8. Hardness profile of bucket pin (Grey bar 
indicates compound layer)



Figure 9. The micostructure of Epsilon 
EANC/SQ/MS/H

Conclusions
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A comparative study of the dry adhesive wear of various 
thermochemical surface treatments

P F Stratton and S Segerberg

Abstract

BOG Gases have a range of low temperature thermochemical treatments that 
they license to customers around the world. The superior corrosion protection 
and reduced distortion that these processes give to the steel are well 
documented, but few data exist on their wear properties. Indeed there are very 
few comparative data on the wear of thermochemically treated surfaces of any 
type available. The study reported here set out to obtain those data.

To ensure objectivity, either 1VF Industrial Research and Development Corp. 
(IVF) or Keithley Laboratories Ltd. carried out the conventional treatments. The 
Epsilon nitrocarburising processes were carried out by their developer, Huyton 
Heat Treatments. AH the testing was done by IVF, an independent research and 
development centre in Sweden, using a pin-disk technique with a hemisphericaf 
test probe that makes circular wear marks. The diameter of the mark indicates 
the progress of the wear.

Data on the wear rates of carburised, carbonitrided, salt bath nitrocarburised and 
three Epsilon gas nitrocarburised surfaces on mild steel (SS 2172) were 
compared using the same test conditions. A nitrided SS 2541 sample was also 
tested. In general, all the treatments had similar long term wear rates under dry 
conditions. However, Epsilon ferritic nitrocarburised samples suffered the least 
wear, probably as a result of the properties of the surface compound layer.

Introduction

BOG Gases have a range of low temperature thermochemical treatments that 
they license to customers around the world. The superior corrosion protection 
and reduced distortion offered by these processes is well documented [1], but 
few data exist on their wear properties. Indeed there are very few comparative 
data on the wear of thermochemically treated surfaces of any type. The study 
reported here set out to obtain those data.

Adhesive wear occurs as soon as two solid bodies are in sliding contact with 
each other, with or without lubrication. The adhesive wear starts when the 
asperities at the surfaces make contact. During sliding the contacts between the 
asperities are plastically deformed and welding occurs. As sliding continues, the 
weld breaks and a crack can form in or close to the weld in any material (Figure



1). In the latter case the material will be transferred from one material to the 
other, often from the softer one. Thus when one surface is harder than the other, 
the softer one usually suffers wear.

Figure 1. Schematic description of adhesive wear

With lubrication, the contact area and hence the wear are reduced. If a perfect 
lubrication film can be applied there will be no contacts between the asperities 
and wear is prevented. However, in practice this is almost impossible to fulfill as 
the lubrication film is broken by protruding asperities and is also unstable.

It is therefore desirable that the welds are as weak as possible, so when the weld 
is broken any crackoccurs in the weld itself and no material is removed from 
either surface. The surface materials should be chosen to have the lowest 
possible affinity for each other. Usually hard materials are preferred and non- 
metallic layers such as carbides and nitrides are very good in this respect.

A pin-disk technique with a hemispherical test probe that makes circular wear 
marks was chosen for the tests. This pin-disk method gives a point contact, 
where the wear marks are created. The wear marks are easy to measure, but 
also mean that the surface load per unit area is constantly changing: it decreases 
as wear proceeds. This is a disadvantage, but the measurement of the wear 
marks is precise, much more reliable than measuring the weight loss when only a 
small amount of material is removed. So for comparison testing it is very good.

In test methods that use two flat surfaces wearing against each other, it is difficult 
to get exactly the same contact and pressure over the whole surface, and not a 
higher pressure contact at the comers or edges. This is very important when it 
comes to determining wear on thinner surface layers.



Experimental

Equipment

The pin-disk machine used for the tests is shown in Figure 1. The heat treated 
test piece (Figure 2) is attached to the vertical bar as shown. Loads can be 
applied to the top of the bar if required but for these tests theonly load was the 
weight of the bar (equivalent to approximately 4 N/mm2 after 50 m sliding).

The large vertical 
bar, with the test 
probe at the bottom

Figure 1. The pin-disk machine used for the wear testing

Figure 2. The test probe with a spherical surface

The end of the large bar has a small angle against its length. When the test 
probe is fixed in a hole at the end of the large bar the wear mark will not be in the 
centre, instead it will be at a circle between centre and the outer diameter as 
illustrated in Figure 3. Between each test the test probe is turned a little and fixed 
again. This makes it possible to do, six to twelve tests with each test probe. With 
a microscope the wear mark diameter can be read in 0.01 mm.



Wear marks

Figure 3. Wear marks at the end surface of the test probe

The large horizontal grey beam in Figure 1 can be fixed in different positions so a 
new track on the horizontal wheel at different radius can be used for each test. 
The disk rotation speed was adjusted so that the sliding speed was kept at 0.4 
m/s for all the tests. To ensure that no lubricant was present during the test, the 
unit was cleaned with isopropanol. After a fixed wear distance the large vertical 
bar with the probe fixed at its end was put under a microscope and the diameter 
of the wear mark was measured. The sample carrier was then replaced in the 
exactly same position and the test continued. Although it is possible to use the 
diameter of the wear mark (Figure 4) as the measure of wear, in this investigation 
the calculated wear volume was found to be more discriminating.

Materials and heat treatment

Two steels were used for the test probes. Most of them were a mild steel but 
those that were nitrided were manufactured from a suitable steel (Table 1). The 
disk is made from a cold working tool steel.



Table 1. Grade and analysis of the steel used

Component Swedish British C Mn Cr Ni Mo W V Hardness
Probe, mild SS 2172 S335JR 0,16 1,44 0,09 - - - - 160 HV
Probe, nitriding SS 2541 817M40 0,35 0,69 1,35 1,35 0,18 - - 300 HV
Disk SS 2140 95MnWCr5 0,9 1,2 0,6 - - 0,6 0,1 61 HRC

Figure 5. Microstructure and hardness traverse for nitrided probe (B)

Figure 6. Microstructure and hardness traverse for nitrocarburised probe (D)

To ensure objectivity, either IVF Industrial Research and Development Corp. 
(IVF) or Keithley Laboratories Ltd. (KLL) carried out the conventional treatments. 
The Epsilon nitrocarburising processes were carried out bytheir developer, 
Huyton Heat Treatments Ltd. (HHT). No post heat treatment processing was 
carried out on the test probes, except for the nitrided probe where the alpha



nitride layer was removed - as is industrial practice — and the weartest carried 
out on the diffusion layer. A summary of the processing is shown in Table 2.

Figure 7. Microstructure and hardness traverse for carbonitrided probe (E)

Figure 8. Microstructure and hardness traverse for nitrocarburised probe (F)

After wear testing, one of the probes was sectioned, photographed and a 
hardness traverse carried out. The results are shown in Figures 5 to 11. The 
base material hardness of the mild steel probes was 160 HV.



Table 2. Summary of the thermochemical processing

Test Processor Thermochemical Treatment Steel
B IVF Nitride Nitridina steel
C IVF None Mild steel
D HHT Ferritic nitrocarburise (Eosilon FNC/PB/MS/S-CL) Mild steel
E IVF Carbonitride Mild steel
F HHT Austenitic nitrocarburise (Epsilon EANC/SQ/MS/M) Mild steel
G IVF Carburise Mild steel
H KLL Tufftride AB1 Mild steel
I HHT Austenitic nitrocarburise (Epsilon ANC/SQ/MS/LM) Mild steel

Figure 9. Microstructure and hardness traverse for carburised probe (G)

1
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Figure 11. Microstructure and hardness traverse for nitrocarburised probe (I)

Results

The results of the wear testing are shown in Figure 12. As might be expected, 
the untreated mild steel shows the highest wear. All the samples with the 
exception of the austenitic nitrocarburised (Epsilon EANC/SQ/MS/M) had 
approximately the same long term wear rate. This agrees with the work reported 
by Farrow and Gleave on dry wear testing of thermochemically treated steels [2], 
The differences in the absolute wear volume are associated with what happens 
in the first 10 or 15 pm of wear depth before a steady state is established.
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Figure 12. Comparative wear for all the treatments



An expanded view of this region is shown in Figure 13. It can be seen that the 
conventional themnochemical treatments - carburising, carbonitriding and 
nitriding - all start wearing at, or very close to, their long term wear rate from the 
start. However, for the nitrocarburising treatments, where there is an epsilon iron 
nitride layer on the surface, this significantly affects (reduces?) the initial wear 
rate.

For the Tufftride AB1 treated probe (H) the initial wear rate is the highest of all 
the treatments - only untreated mild steel wears faster. This is probably due to 
the porous nature of the epsilon iron nitride layer at the surface. Porous epsilon 
iron nitride layers are said to improve the wear characteristics under poorly 
lubricated conditions by retaining oil, but in totally dry conditions it is suggested 
that the layer collapses, causing the high initial wear rate.

- A - Nitride (B)

-A - Base steel (C)

a Ferritic
nitrocarburlse (D) 

—® -Carbonitride (E)5 0.03
Austenitic 
nitrocarburlse (F) 
Carburise (G)

-TufTtride AB1 (H)

* - Austenitic
nitrocarburlse (I)

Sliding distance (m)

Figure 13. Comparative initial wear for all the treatments

The probe (I) austenitically nitrocarburised using the Epsilon ANC/SQ/MS/LM 
process gives results comparable to the higher temperature conventional 
carburising and carbonitriding treatments with similar initial and long term wear 
rates. The other austenitically nitrocarburised probe (F) processed using Epsilon 
EANC/SQ/MS/M also has a similar initial wear rate. However, after a time, the 
rate accelerates to become the highest of all the samples tested. The reason for 
this is unclear.



The lowest initial wear rate, by a significant margin, was that of the ferritically 
nitrocarburised probe (C) processed using Epsilon FNC/PB/MS/S-CL. This 
process produces a dense single phase epsilon iron nitride layer which is 
subsequently oxidised. The post oxidation process is primarily carried out to 
enhance corrosion resistance [3], but obviously also increases wear resistance 
under the test conditions used. Thus after 150 m sliding the wear volume of the 
ferritically nitrocarburised probe is oniy 30% of that of the carburised and 
carbonitrided probes and 8% of that of an untreated probe.

Discussion

Nitrocarburising treatments can be used to replace conventional carburising and 
carbonitriding treatments on steels. The epsilon compound layer formed at the 
surface greatly enhances corrosion resistance, while the lower processing 
temperatures reduce energy consumption and decrease distortion [4]. This study 
has shown that they are also comparable, if not better in dry wear conditions.

However, it must be borne in mind that the test method used examined oniy the 
first 30 pm or so of the surface. Several of the treatments tested were designed 
for long term wear resistance with hardened zones up to 800 pm thick. It is no 
doubt true that these thicker layers would outperform the thinner layers over the 
long haul particularly in conditionsof abrasive wear rather than the adhesive wear 
tested here.

Conclusions

Under the wear conditions of the test used, aii the thermochemical surface 
treatments tested had very similar long term wear rates. The initial wear rates 
were dependent on the properties of the near surface layer. The best results 
were obtained from ferritic nitrocarburising, which produced a dense compound 
layer.
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Abstract
BOC Gases have a range of low temperature thermochemical treatments that they license to customers around the 
world. The superior corrosion protection and reduced distortion these processes give to the steel are well 
documented, but few data exist on their wear properties. Indeed there are very few comparative data on the wear of 
thermochemically treated surfaces of any type. The study reported here set out to obtain those data.

To ensure objectivity, either IVF Industrial Research and Development Corp. (IVF) or Keithley Laboratories Ltd 
carried out the conventional treatments. The Epsilon nitrocarburising processes were carried out by their developer, 
Huyton Heat Treatments. All the testing was done by IVF, an independent research and development company in 
Sweden, using a pin-disk technique with a hemispherical test pin that makes circular wear marks. The diameter of 
the mark indicated the progress of the wear.

Data on the wear rates of carburised, carbonitrided, salt bath nitrocarburised and three Epsilon gas nitrocarburised 
surfaces on mild steel (SS 2172) were compared using the same test conditions. A nitrided SS 2541 sample was also 
tested. In general, the nitrocarburising treatments outperformed the conventional treatments in lubricated test 
conditions.

Introduction
BOC Gases have a range of low temperature thermochemical treatments that they license to customers around the 
world. The superior corrosion protection and reduced distortion offered by these processes are well documented 
[Zlotnick, 2000], but little data exist on their wear properties. Indeed there are very few comparative data on the 
wear of thermochemically treated surfaces of any type. The study reported here set out to obtain those data.

Adhesive wear occurs soon as two solid bodies slide in contact with each other, whether they are lubricated or not. 
Adhesive wear starts when the asperities at the surfaces make contact with each other. During sliding the contacts 
between the asperities are plastically deformed and welding occurs. As the sliding continues, the weld breaks and a 
crack can form in or close to the weld in any material (Figure 1). In the latter case the material will be transferred 
from one material to the other, often from the softer one. When one surface is harder than the other, the softer oneis 
therefore the one that usually suffers wear.

Microweld Possible cracks

Figure 1. Schematic description of adhesive wear



Lubrication reduces the contact area, and hence the wear. If a perfect lubrication film can be applied there will be no 
contacts between the asperities and wear is prevented. However, in practice this is almost impossible to fulfill as the 
lubrication film is broken by protruding asperities and is also unstable.

It is therefore desirable that the welds are as weak as possible, so when the weld is broken the crack occurs within 
the weld itself and no material is removed from either surface. The surface materials should be chosen to have the 
lowest possible affinity for each other. Usually hard materials are preferred and non-metallic layer such as carbides 
and nitrides are very good in this respect.

A pin-disk technique with a hemispherical test pin that makes circular wear marks was chosen for the tests. This pin- 
disk method gives a point contact, where the wear marks are created. These wear marks are easy to measure, but 
also mean that the surface load per unit area is constantly changing; it decreases as wear proceeds. This is a 
disadvantage, but the measurement of the wear marks is precise, much more reliable than measuring the weight loss 
when only a small amount of material is removed. So it is very good for comparative testing.

In test methods where two flat surfaces wear against each other, it is difficult to get exactly the same contact and 
pressure over the whole surface rather than a higher pressure contact at the comers or edges. This is very important 
when it comes to determining wear on thinner surface layers.

Experimental
Equipment
The pin-disk machine used for the tests is shown in Figure 1. The heat treated test piece (Figure 2) is attached to the 
vertical bar as shown and remains stationary while the disk rotates. Loads can be applied to the top of the bar if 
required and in these tests a 10 kg load was used (Figure 3). The resultant pressure is very high initially and is 
equivalent to approximately 100 N/mrrf after 50 m sliding. The deflector plate on the opposite side of the disk 
ensures that the pin is constantly fed with lubricant.

Figure 1. The Pin-Disk machine used for the wear testing

Figure 2. The test pin with a spherical surface



Figure 3. The wear test machine with 10 kg load for test under lubricated conditions

The end of the large bar has a small angle against its length. When the test pin is fixed in a hole at the end of the 
large bar the wear mark will not be in the centre, but at a circle between centre and the outer diameter as illustrated 
in Figure 4. Between each test the test pin is turned a little and fixed again. This makes it possible to do six to twelve 
tests with each test pin. The wear mark diameter can be read with a microscope in 0.01 mm.

Wear marks

Figure 4. Wear marks at the end surface of the test pin

The large horizontal grey beam in Figure 1 can be fixed in different positions so a new track on the horizontal wheel 
at different radius can be used for each test. In these tests only one disk was used so that all the results were 
comparable. The disk rotation speed was kept at the same sliding speed of 0.4 m/s for all the tests. 1 he lubricant 
used was Castrol motor oil SLX OW-30, multigrade synthetic oil. After a fixed wear distance the large vertical bar 
with the pin fixed at its end was put under a microscope and the diameter of the wear mark was measured. 1 he 
sample carrier was then replaced in the exactly same position and the test continued. Although it is possible to use 
the diameter of the wear mark (Figure 5) as the measure of wear, in this investigation the calculated wear volume 
was found to be more discriminating.



Figure 5. The test pin with one large and one small wear mark

Materials and heat ireatmsm
Two steels were used for the test pins. Most of them were of mild steel but those that were nitrided were 
manufactured from a suitable steel (Table 1). The disk is made from a cold working tool steel.

Table 1. Grade and analysis of the steel used

Component Swedish British C Mn Cr Ni Mo W V Hardness
Pin, mild SS 2172 S335JR 0,16 1,44 0,09 - - - - 160 HV
Pin, nitriding SS 2541 817M40 035 0,69 1,35 1,35 0,18 - - 300 HV
Disk SS 2140 95MnWCr5 0,9 1,2 0,6 - - 0,6 0,1 61 HRC

Table 2. Summary of the thermochemical processing

Test Processor Thermochemical Treatment Steel
B IVF Nitride Nitriding steel
C IVF None Mild steel
D HHT Ferritic nitrocarburise (Epsilon FNC/PB/MS/S-CL) Mild steel
E IVF Carbonitride Mild steel
F HHT Austenitic nitrocarburise (Epsilon EANC/SQ/MS/M) Mild steel
G IVF Carburise Mild steel
H KLL Tufftride AB1 Mild steel
I HHT Austenitic nitrocarburise (Epsilon ANC/SQ/MS/LM) Mild steel

To ensure objectivity, either IVF Industrial Research and Development Corp. (IVF) or Keithley Laboratories Ltd. 
(KLL) carried out the conventional treatments. The Epsilon nitrocarburising processes were carried out by their 
developer, Huyton Heat Treatments Ltd. (HHT). No post heat treatment processing was carried out on the test pins, 
except for the nitrided pin where the alpha nitride layer was removed - following normal industrial practice - and the 
wear test carried out on the diffusion layer. A summary of the processing is shown in Table 2.

After wear testing, one of the pins was sectioned, photographed and a hardness traverse carried out. The results are 
shown in Figures 6 to 12. The base material hardness of the untreated mild steel was 160 HV.



Figure 6. Microstructure and hardness traverse for nitrided pin (B)

Figure 7. Microstructure and hardness traverse for nitrocarburised pin (D)

Figure 8. Microstructure and hardness traverse for carbonitrided pin (E)
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Figure 9. Microstructure and hardness traverse for nitrocarburised pin (F)

Figure 11. Microstructure and hardness traverse for salt bath nitrocarburised pin (H)



Figure 12. Microstructure and hardness traverse for nitrocarburised pin (I)

Results and discussion
The results of the wear testing in terms of the diameter of the wear mark are shown in Figure 13. As might be 
expected the untreated mild steel suffered the highest wear. The more discriminating wear volumes are shown in 
Figure 14, where the data for untreated material has been omitted for greater clarity.

2000 4000 6000 8000
Sliding distance (m)

10000 12000

Figure 13. Comparative wear for all the treatments
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Figure 14. Comparative wear for the thermochemical treatments

It is quite clear from Figure 14 that the conventional treatments all have much higher long term wear rates in 
lubricated conditions than do the nitrocarburising treatments. The order, carbonitriding with the highest wear, then 
nitriding, then carburising with the lowest of the group is in full agreement with the work of Gregory for lubricated 
Amsler machine testing [Gregory, 1970]. This work also showed a salt bath nitrocarburising treatment, Noskuff 
[Imperial Chemical Industries Ltd], to have the lowest wear of the then available treatments. Inthe work reported 
here, an alternative salt bath ferritic nitrocarburising process, Tufftride AB1, takes that position.

The long term wear rate of the Tufftride AB1 treated pin is significantly lower than the conventional treatments. 
However, as the expanded view of the initial wear in Figure 15 shows, the initial wear rate is very high. It is 
postulated that this is caused by the collapse of the porous compound layer on the surface under the high initial load 
encountered in this method of testing [Akpolat, 1990, Liedtke, 1991 & Karamus, 1991],

All the gaseous nitrocarburising processes show an initial rapid wear stage, but it is less severe than for the salt bath 
process. The ferritically nitrocarburised pin (D) treated using Epsilon FNC/PB/MS/S-CL initially shows a very high 
rate, then a high wear rate followed by a plateau and slowly increasing wear then another plateau. This is probably 
associated with the wear of the oxidised surface layer in this treatment. After nitrocarburising the surface compound 
layer is oxidised - visible as a darker layer within the compound layer in Figure 7 - mainly to improve corrosion 
resistance [Stratton, 2002], Once the dense epsilon iron nitride layer below is reached, the wear rate drops back to 
the rate typical of gas nitrocarburised parts.

After a very short settling-in period, both of the austenitically nitrocarburised pins exhibited extremely low wear 
rates. The higher core hardness imparted by the austenitic treatment will also increase strength compared to the 
ferritic treatments, but at the cost of increased distortion.

Epsilon nitrocarburising treatments can replace conventional carburising and carbonitriding treatments on steels. 
The epsilon compound layer formed at the surface greatly enhances corrosion resistance, while the lower processing



temperatures reduce energy consumption and decrease distortion [Stratton, 2003], This study has shown that they 
are also better in lubricated wear conditions than conventional or salt bath nitrocarburised treatments.
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Figure 15. The initial wear results for all the thermochemical treatments

However, it must be borne in mind that the test method used examined only the first 30 pm or so of the surface. 
Several of the treatments tested were designed for long term wear resistance with hardened zones up to 800 pm 
thick. It is no doubt true that these thicker layers would outperform the thinner layers over the long haul, 
particularly in conditions of abrasive wear rather than the lubricated adhesive wear tested here.

Conclusions
Under the lubricated wear conditions of the test used, the conventional thermochemical treatments — carburising, 
carbonitriding, nitriding and salt bath nitrocarburising - had significantly higher wear rates than the Epsilon 
nitrocarburising processes. These gaseous nitrocarburising treatments have a high initial wear rate that is dependent 
on the structure of the compound layer, followed by very low on-going wear.
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austenitic nitro-carburlsing in a heat 
treatment furnace. A suitable 
atmosphere is created by admitting to 
the furnace nitrogen; ammonia; and a 
liquid or vaporous organic compound 
of carbon, hydrogen and oxygen. The 
atmosphere is maintained at a 
temperature in the range 690 to 
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1 GB 2 076 434 A 1

SPECIFICATION 
Heat tratment of metals

This invention relates to the heat treatment of 
metals.

5 One method of heat treatment, in daily 
commercial use, is the carbonitriding of low 
carbon steels. If the components to be 
carbonitrided are of relatively thin cross-section 
they tend to become physically distorted.

10 Attempts have therefore been made to find 
alternative heat treatment processes to 
carbonitriding in order to avoid this problem of 
distortion. One such process is ferritic nitro- 
carburising. It has been found that the process of 

15 ferritic nitro-carburising of mild steel components 
enables the problem of distortion to be overcome 
and enables a scuff-resistant surface finish to be 
obtained. One drawback of the process of ferritic 
nitro-carburising is, however, that the 

20 components, after treatment by the process, tend 
to have poor indentation resistance. Another 
process which overcomes the aforementioned 
problem of distortion is austenitic nitro- 
carburising. Moreover, mild steel components can 

25 be given good scuff-resistance and indentation- 
resistance by being subjected to austenitic nitro- 
carburising.

in order to perform a process of austenitic nitro- 
carburising of components of mild or other low 

30 carbon steel, it has hitherto been the practice to 
produce the necessary atmosphere by adding 
ammonia to an atmosphere produced by an 
endothermic generator and to supply the resultant 
gas mixture (or the two gas streams separately) to 

35 a furnace (typically a sealed quench furnace) in 
which the treatment is performed. Endothermic 
generators do however have certain 
disadvantages. In particular, they can be expensive 
to maintain, and skilled operatives are often 

40 required for this purpose; they are relatively
expensive items of capital equipment which have 
a finite life; and they are quite bulky and take up 
floorspace which could otherwise be used for a 
different purpose in a heat treatment workshop.

45 We have now found that it is possible to provide a 
suitable atmosphere for austenitic nitro- 
carburising of steel or other ferrous metal without 
using an endothermic generator.

According to the present invention there is 
50 provided a method of austenitic nitro-carburising 

ferrous metal in a heat treatment furnace, in which 
method a suitable atmosphere is created by 
admitting to the furnace nitrogen; ammonia; and a 
liquid or vaporous organic compound of carbon,

55 hydrogen and oxygen and is maintained at a 
temperature in the range 690 to 750DC,

The said compound is preferably methanol. 
Preferably for each unit volume of ammonia 
admitted to the furnace, two unit volumes of 

60 nitrogen are supplied thereto, and for each
(standard) cubic foot of nitrogen, one-sixtieth of a 
litre of methanol (measured as a liquid) is supplied 
to the furnace. In other words, preferably for each 
2 moles of nitrogen admitted to the furnace, 2

moles of methanol and 1 mole of ammonia are 
admitted to the furnace. The methanol may be 
dripped into the furnace, or maybe vaporised 
upstream of the furnace and introduced as a 
vapour into the furnace.

Typically, the nitrogen for use in the process is 
stored in liquid state in an insulated vessel and 
vaporised upsteam of the furnace.

In the furnace the methanol decomposes and a 
gas mixture comprising nitrogen, hydrogen, 
carbon monoxide, carbon dioxide, water vapour 
and methane is formed. Furthermore, most but not 
all of the ammonia decomposes to form nitrogen 
and hydrogen. Thus, the furnace atmosphere 
comprises nitrogen, hydrogen, carbon monoxide, 
water vapour, methane and ammonia. Preferably, 
the atmosphere includes 7 to 11% by volume of 
carbon monoxide; from 30 to 40% by volume of 
hydrogen, and from 6 to 11 % by volume of free 
ammonia. With such levels of carbon monoxide, 
hydrogen and free ammonia, the atmosphere 
typically includes from 1 to 2% by volume of 
carbon dioxide and from 2 to 3% by volume of 
methane and has a dew point between —5°C and 
+5°C. Such an atmosphere may be formed in, for 
example, a sealed quench furnace at 700°C by 
admitting to the furnace 120 cubic feet per hour 
of nitrogen, 60 cubic feet per hour of ammonia 
and 2 litres per hour of methanol (measured as 
liquid). In one example, we have found that a 
furnace atmosphere, comprising 36% by volume 
of hydrogen; 9% by volume of carbon monoxide; 
8.5% by volume of ammonia; 2.6% by volume of 
methane; 1.3% by volume of carbon dioxide and 
balance nitrogen, with a dew point In the range 
—2°C to +2°C, Is produced, if desired the 
proportion of free ammonia in the furnace may be 
controlled by using a dissociation burette.

Typically, the components to be nitro- 
carburised may be kept in the atmosphere at a 
temperature of 690°C to 750°Cfor a period of 
2 hours. During this period a relatively thin, white, 
outer layer is formed at the surfaces of the 
components (or other work) to be treated. This 
layer is of the kind referred to in the art as being of 
epsilon compound, and includes oxygen, nitrogen 
and carbon. The outer layer has scuff-resistant 
properties. In addition to the outer layer there is an 
inner carbo-nitrided case surrounding a ferritic 
core. After quencing the components in oil, the 
case has two zones, one austenitic and the other 
martensitic. It is then desirable to transform the 
austenite to lower bainite or martensite so as to 
optimise the mechanical properties of the case. 
The transformation to lower bainite is typically 
effected isothermally by tempering at 250°C or 
above for at least one hour (and preferably at 
300°C or above for at least two hours). The 
transformation to martensite is effected by 
reducing the temperature of the components to 
—70°C or below, and then allowing the 
components to return to ambient temperature. In 
order to prevent the austenite from stabilising it is 
desirable to start to reduce the temperature of the 
components to —70°C of below within two hours
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of completion of the (oil) quench.
Typically, if the components are of mild steel 

and if they are maintained in the furnace 
atmosphere at 700°C for two hours, the (outer)

5 layer of epsiton compound has a depth of from 
0.0010 to 0.0012 inches and the (inner) case has 
a depth of from 0.005 to 0.006 inches.

Typical micro-hardness traverses on samples 
of mild steel that has been subjected to austenitic 

10 nitro-carburising in accordance with the invention 
are shown in the accompanying drawing which is 
a graph showing how the hardness (HV x 0.1) of 
the samples vary with increasing depth of sample.

The results for three samples are shown In the 
15 graph. All samples were maintained for two hours 

in an atmosphere, at 700°Cr of the kind described 
herein. The austenite of a first sample was 
transformed isothermally to lower bainite by 
tempering for two hours at 300°C, and the 

20 austenite of a second sample was transformed to 
martensite by reducing the temperature of the 
sample to '-70°C, while the third sample was 
given no treatment to transform its austenite. The 
first sample has a surface more ductile but less 

25 hard than that of the second surface.
The invention also includes within its scope 

ferrous metal that has been treated by a method 
of austenitic nitro-carburising as described herein.

CLAIMS
30 f. A method of austenitic nitro-carburising

ferrous metal in a heat treatment furnace, in which 
method a suitable atmosphere is created by 
admitting to the furnace nitrogen; ammonia; and a 
liquid or vaporous organic compound of carbon,

35 hydrogen and oxygen and is maintained at a 
temperature in the range 690 to 750°C.

2. A method is claimed in claim 1, in which the 
said compound is methanol.

3. A method is claimed in claim 2, in which for 
40 each 2 moles of nitrogen admitted to the furnace.

2 moles of methanol and 1 mole of ammonia are 
admitted to the furnace.

4. A method as claimed in any one of the 
preceding claims, in which an atmosphere is

45 created in the furnace including 7 to 11 % by
volume of carbon monoxide; 30 to 40% by volume 
of hydrogen, and from 6 to 11 % by volume of free 
ammonia.

5. A method as claimed in cialm 4, in which the
50 atmosphere additionally includes carbon dioxide,

methane and water vapour.
6. A method as claimed in claim 5, in which the 

atmosphere includes from 1 to 2% by volume of 
carbon dioxide, and from 2 to 3% by volume of

55 methane, and has a dew point in the range —5 to 
+5DC.

7. A method as claimed in any one of the 
preceding claims, in which the ferrous metal is 
maintained in the atmosphere for at least two

60 hours.
8. A method as claimed in claim 7, in which the 

metai is then quenched.
9. A method as claimed in claim 8, in which 

after quencing austenite in the metal is
65 transformed isothermally to lower bainite.

10. A method as claimed in claim 9, in which 
the transformation is effected by tempering the 
metal at a temperature of at least 250C>C for at 
least one hour.

70 11. A method as claimed in claim 10, in which
the metal is tempered at a temperature of at least 
300QC for at least 2 hours.

12. A method as claimed in claim 8, in which, 
after quencing, austenite in the metal Is

75 transformed to martensite.
13. A method as claimed in claim 12, in which 

the transformation is effected by reducing the 
temperature of the metal to “70°C or below.

14. Articles of ferrous metal that has been
SO treated by a method as claimed in any one of the

preceding claims.
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Nitrogen-based protective atmospheres for ferrous treatments

by

P F Stratton

ABSTRACT

Protective atmospheres for ferrous treatments should not be oxidising nor carburising or 
decaiburising. These aims arc not incompatible and can be achieved with varying degrees 
of success with many atmosphere systems. Nitrogen-based atmosphere systems, however, 
are capable of meeting all the criteria for an effective furnace atmosphere.

Nitrogen provides the basis of an atmosphere system while confening the additional benefits 
of safety and flowrate and compositional flexibility over atmospheres generated from partial 
combustion of hydrocarbon fuel gases. These benefits not only reduce the overall system 
cost, but produce a high quality product and provide for simple and safe operation.

INTRODUCTION

There are basically only two purely metallurgical treatments for ferrous materials: heat and 
slow cool, and heat and quench. In both cases the atmosphere within the furnace should 
not be oxidising nor carburising or decaiburising. Uiese aims are not incompatible and can 
be achieved with varying degrees of success with many atmosphere systems. Processes 
involving slow cooling are more demanding as tire atmosphere requirements to prevent low 
temperature oxidation are quite stringent

Eliminating oxidation is theoretically very simple: all that is needed is to reduce the oxygen 
potential of the atmosphere below that required for the oxidation of iron. This could be 
achieved using very pure nitrogen but in practice even commercial high purity nitrogen 
contains enough free oxygen to oxidise iron.

A reducing atmosphere can be produced by reacting air with a hydrocarbon fuel gas either 
within the furnace or externally in an atmosphere generator. By using a slight excess of 
hydrocarbon all the oxygen in fire air can be eliminated It has proved difficult to control 
such reactions in fire firmace with ary degree of consistency1; however, using an external 
exothermic generator with a hydrocarbon fuel gas has been the most popular method2. This 
makes it possible to remove the products of combustion, (water and carbon dioxide) before 
introducing the remaining gases, mainly nitrogen with up to 10% carbon monoxide and 
hydrogen, into title furnace3.

NITROGEN/HYDROGEN

An alternative to the use of a generated atmosphere is to use high purity nitrogen to which a 
small proportion of hydrogen has been added Any leakage of oxygen into the furnace





reacts with the hydrogen and, provided the leak rate is not too high the ratio can be
maintained to prevent oxidation.

Hydrogen reacts rapidly with oxygen to form water vapour at all the temperatures normally 
encountered in heat treatment processes4. Under these circumstances, as all the oxygen has 
been consumed and there are no hydrocarbons present, water is therefore the only oxidant 
that needs to be considered

The hydrogen: water ratio is the most important factor needed to determine the 
oxidation/reduction potential of the atmosphere, fig 1. The minimum hydrogen:water ratio 
required to suppress the oxidation of iron at 900°C is 1.6, but this rises increasingly rapidly 
with falling temperature, reaching 2.3 by 700°C and 20 by 300°C.

Thus it is relatively easy to maintain reducing 
conditions in the hot zone of an annealing furnace 
with small hydrogen additions, but in the cooling zone 
the task becomes increasingly difficult

In the hot zone of a typical annealing furnace using 
nitrogen/3% hydrogen, a water content of less than 
2% (18°C dewpoint) is sufficient to keep the steel 
bright but in die cooling zone of die same furnace the 
water content must be reduced below 0.03% (-32°C 
dewpoint) to eliminate oxidation. In some critical 
applications where it is not possible to reduce 
oxygen ingress to the required levels, it may be 
necessary to increase the cooling zone hydrogen to 
achieve the necessary product quality.

As nitrogen/hydrogen mixtures contain no carbon-bearing compounds, they are intrinsically 
decarburising. The decarburising potential is dependent on the ratio of the hydrogen and 
water partial pressures:

o oo oo o o o o o o

Temperoture (°C)

Fig 1 Oxidation limit for iron

CFe+H20 -> CO+H2 [1]

Carbon potential = Kp(H-.1 x p(CO) [2]
P(H20)

where K is the equilibrium constant

However, if the hydrogen: water ratio is high and the hydrogen addition small, very little 
reaction will take place. The actual carbon loss will depend upon flowrate, surface area of 
the load treatment time and temperature. For a furnace processing 500 kg/hour of 0.8% 
carbon, 2 mm diameter steel wire in nitrogen/hydrogen with a dewpoint of - 42°C, an



atmosphere flowrate of 100 irf/h would produce only 0.82 aim of total decaiburisation per 
hour, even assuming all the water contained in the atmosphere was available for reaction

Bell furnace operations
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Fig 2 Flowrate requirements for bell furnace cycle

A major advantage of nitrogen-based atmosphere systems over generator based systems is 
the ability to instantaneously change flowrates. This is particularly important in bell furnace 
operations, fig 2. At the start of the cycle and during heat-up a large flow is needed to pmge 
the furnace and sweep out evaporated lubricants which would otherwise cause problems 
later in the cycle. When the charge is at temperature, the flow can be reduced considerably, 
and during cooling all that is required is enough flow to maintain furnace pressure. This 
technique can save 70% of the overall atmosphere requirement for a bell furnace.

NITROGEN/HYDROCARBON

11 an atmosphere is required which is reducing to iron, and is also not decarburising, then 
small quantities of hydrocarbon may be substituted for the hydrogen. The hydrocarbon may 
be either methane, propane, or propylene depending upon availability, treatment 
temperature and furnace type. Methane, which has been found to be suitable for most 
applications, cracks slowly in the furnace to form graphite carbon and hydrogen5:

CH4-> Cg + 2H2 [3]

N itrogen/hydrocarbon mixtures, although not as reducing as a nitrogen/hydrogen 
atmosphere, are sufficiently reducing in furnaces with a low leak rate to keep steel bright 
Because the cracking reaction is slow the hydrocaibomhydrogen ratio is high and the 
atmosphere has a very high carbon potential.



Carbon potential = K pf CIV) [4]
P(H2)

The percentage of methane needed depends on the furnace design, the product being 
treated and die process, but for most treatments 1-5% methane (or 0.1-1% 
propane/propylene) is sufficient The caibon availability is therefone veiy low. This effect is 
magnified by the fact that when hydrocarbons crack on the metal surface, carbon tends to 
fonn as graphite, unlike the usual carburising/ decarbmising reaction horn caibon monoxide, 
where the caibon is adsorbed onto the surface. It is thermodynamically difficult to get 
graphite to first adsorb then difluse into the steel. The combination of a veiy high caibon 
potential with a veiy low caibon availability renders the atmosphere effectively neutral to 
any type of steel.

A common heat treatment problem that can be solved using this nitrogen/ hydrocarbon gas 
mixture is that of the variable surface carbon component Tins normally occurs when 
machining is carried out after carburising and generally requires the use of expensive stop- 
off compounds or copper plating if an active atmosphere such as endothermic gas is to be 
employed during heat treatment The nitrogen/hydrocarbon atmosphere is effectively neutral 
to all carbon levels and there is no surface carbon pick up or caibon loss. Another usefiil 
application of this type of atmosphere is for hardening loads of mixed components with a 
range of caibon contents.

Nitrogen/hydrocafbon atmospheres have been widely adopted for fire treatment of steels, 
particularly those where surface caibon control is required and no slow cooling is involved, 
for example hardening using an oil quench or austempering. However, the advantage of the 
system - its low reaction rate - can also be its disadvantage. It cannot be used where 
significant contamination by oxidants could occur, for example with a water or polymer 
quench, or in an excessively leaky furnace. It also cannot be used where rapid furnace 
conditioning is required between loads, as in a straight through type, sealed quench finnace 
where there is direct access to the hot chamber for loading.

Decarburising control

A typical application is the use of nitrogen with 4% natural gas for hardening at 850°C. 
Increasing leak rate leads to an increasing decarburising potential:

CH4 + 202 -> C02 + 2H20 [5]

CFe+C02 -> 2CO [6]

Carbon potential = K - (CO)2 [7]
p(C02)

Figure 3 shows the effect of this increasing decarburising potential on a low alloy steel 
exposed to the furnace atmosphere for 2 h at 850°C. The decarburisation craves indicate



that the process is controlled by the surface reactions [51 and [11 rather than by difliision, 
at least at low leak rates. When the oxygen potential decreases below the level required to 
oxidise iron, decarburisation can be reduced dramatically as the tenacious oxide layer 
formed acts as a diffusion barrier. The onset of oxidation is the limiting factor in many 
applications where the degree of decaiburisation is not significant but where the work must 
be oxide-free. At normal hardening or annealing temperatures, the methane reacts out the 
oxygen, but below about 650°C reactions [3] and [5] do not occur to any significant degree 
during the residence times associated with most types of furnace. The atmosphere therefore 
acts almost as nitrogen alone, and oxidation occurs due to the presence of small quantities 
of free oxygen.

Variable results due to oxidation

Total
decarburisation

Partial
decarburisation

Depth of decarburisation (mm)

Fig 3 Effect of leaks on decarburisation (SAE 8620, 2 h, BSCPC, N?/4% natural gas)

A significant exception to this is in the operation of bell furnaces. These are normally 
'capped' during cooling in annealing cycles, with only make-up gas added The residence 
time is therefore very long and reaction [3] is sufficient to maintain a reducing atmosphere 
down to room temperature. On the occasions where nitrogen/hydrocarbon is the most 
effective solution, but the furnace is not sufficiently tight to allow oxide free cooling, it may 
be possible to add a small quantity of hydrogen to the cooling zone to achieve fire desired 
results.

Another significant drawback of this type of atmosphere is its propensity to form soot on 
cracking. The small volumes involved mean that there is no problem in many operations, 
but in electrically heated, open element furnaces there is a tendency for soot to form on the 
elements over an extended period, eventually leading to shorting and element failure. The 
effect can be minimised by keeping the hydrocarbon addition small or by burning off any 
soot formed during non-productive periods.

NITROGEN/METHANOL



Nitrogen/methanol (Endomix) atmospheres provide many of the answers to die problems 
associated with nitrogen/ hydrocarbon systems6. The atmosphere can be provided with a 
high proportion of active components and is dins much less susceptible to leaks. 
Hydrocarbon and oxidant additions can be used to control die carbon potential and, at 
suitable active constituent levels, can dierefore be used for carburising, decarburising or 
neutral har dening as desired and there is liitie tendency to deposit soot

Medianol, when introduced into a furnace at above 750°C, cracks to give carbon monoxide 
and hydrogen in die ratio 1:2.

CH3OH-> CO + 2H2 [8]

Care must be taken when injecting the methanol, particularly at low temperatures, to ensure 
rapid cracking so tiiat lower temperature side reactions producing soot, carbon dioxide and 
water are avoided7.

NON-CRYOGENIC NITROGEN

Because of the inherent ability ofnitrogen/metiianol atmospheres to tolerate oxygen ingr ess, 
it is possible to use nitrogen produced by either pressure swing adsorption (PSA) or 
membrane instead of the more usual high purity nitrogen from a liquid source8. These units 
generate nitrogen which contains small amounts (0.01 to 3%) of residual oxygen. It has 
been shown drat Endomix systems operate most economically with a residual oxygen 
content of 0.5%9. At this level there are no additional safety problems (the non- 
ctyogenically generated gas can be used as purge gas) and little or no change to control 
parameter's or addition levels.

For most applications die use of non-cryogenically derived nitrogen for Endomix systems 
coupled with a liquid nitrogen supply as standby in the event of an emergency provides 
economic benefits with respect to a system based on liquid nitrogen. There are several 
examples of such systems operating both in the UK and elsewhere10.

NITRAZONE
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The two major disadvantages of the Endomix protective atmosphere system are that in most 
cases the atmosphere is flammable and that it is necessary to introduce the methanol into the 
furnace in a zone operating above 750'C. Both these disadvantages can be overcome by 
using hybrid techniques based on patented" Nitrazone technology'2 '5. For example, in a 
mesh belt furnace for the bright, decarburisation- free annealing of steel pressings, fig 4, an 
atmosphere which was reducing to steel and with a neutral carbon potential was required in 
the furnace hot zone. Therefore nitrogen/methanol was introduced into the zone at a 70:30 
ratio with hydrocarbon addition controlled by an in situ oxygen probe.

The pressings in this case were contaminated with lubricants which would have stained the 
final product if they had remained on the components. Enough nitrogen/water vapour 
mixture was therefore injected into the front end of the furnace to oxidise away the 
lubricants but not enough, when mixed with the gases leaving the hot zone, to be oxidising to 
steel.

In the cooling zone all that was required was to keep the parts bright, so in this area only 
nitrogen was introduced. Enough hydrogen was allowed to diffuse into the cooling zone to 
produce bright work but not sufficient to produce a flammable mixture at the exit end. As 
the atmosphere at the exit end was non-flammable, physical curtains could be used to 
reduce the amount of gas needed and to ensure that all the atmosphere flowed towards the 
entry end This flow pattern ensured that the products of reaction from the pressing 
lubricant were ejected from the furnace entry and did not contaminate the hot zone.

CONCLUSION

Nitrogen-based atmosphere technologies can provide the solutions to many of file problems 
faced by heat treaters of ferrous components. Not only can quality be improved by file 
ability of nitrogen-based systems to be tailored to the exact requirements of a particular 
process but the flexibility of nitrogen-based systems can be harnessed to improve both 
economics and safety.
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Protective atmospheres for steel treatments 

should not be oxidising, carburising or 

decarburising. These aims are not 

incompatible and can be achieved with 

varying degrees of success with many 

atmosphere systems. Both nitrogen-based 

atmosphere systems for annealing and 

hardening and hydrogen atmosphere 

systems for annealing are capable of 

meeting all the criteria for an effective 

furnace atmosphere.

Nitrogen provides the basis of an 

atmosphere system while conferring the 

additional benefits of safety and flowrate and 

compositional flexibility compared with 

atmospheres generated from partial 

combustion of hydrocarbon fuel gases. In 

annealing, hydrogen atmospheres 

significantly reduce heating and cooling 

times compared with other atmosphere 

systems. These benefits not only reduce the 

overall system cost, but produce a high 

quality product and provide for simple and 

safe operation.

By P F Stratton, M S Stanescu, 
BOC Gases



Introduction There are basically only two heat treatments carried out on semi-finished steel: heat 
and slow cool, and heat and quench. Ideally for both of these basic treatments the 
atmosphere within the furnace should not be oxidising, carburising or decarburising. 
These aims are not incompatible and can be achieved with varying degrees of success 
with many atmosphere systems. Processes involving slow cooling and where there is a 
need to prevent low temperature oxidation are the most demanding.

Eliminating oxidation is theoretically very simple: all that is needed is to reduce the 
oxygen potential of the atmosphere below that required for the oxidation of iron.
This could be achieved using very pure nitrogen but in practice even commercial high 
purity nitrogen contains enough free oxygen (up to 5vpm) to oxidise iron.

A reducing atmosphere can be produced by reacting air with a hydrocarbon fuel gas 
either within the furnace or externally in an atmosphere generator. By using a slight 
excess of hydrocarbon all the oxygen in the air can be eliminated. It has proved 
difficult to control such reactions in the furnace with any degree of consistency*1*; 

however, using an external exothermic generator with a hydrocarbon fuel gas has 
been the most popular method*2*. This makes it possible to remove the products of 
combustion (water and carbon dioxide) before introducing the remaining gases, 
mainly nitrogen with up to 10% carbon monoxide and hydrogen, into the furnace*3*.

BOC Gases Nitramix 
nitrogen/hydrogen 

atmosphere system

An alternative to the use of a generated atmosphere is to use high purity nitrogen to 
which a small proportion of hydrogen has been added. Any leakage of oxygen into the 
furnace reacts with the hydrogen and, provided the leak rate is not too high, the 
H2:H20 ratio can be maintained to prevent oxidation.

Hydrogen reacts rapidly with oxygen to form water vapour at all the temperatures 
normally encountered in heat treatment processes*4*. Under these circumstances, as 

all the oxygen has been consumed and there are no hydrocarbons present, water is 
the only oxidant that needs to be considered.

The hydrogen:water ratio is the most important factor needed to determine the 
oxidation/reduction potential of the atmosphere (Figure 1). The minimum 
hydrogen:water ratio required to suppress the oxidation of iron at 900°C (1650°F) is 
1.6, but this rises rapidly with falling temperature, reaching 2.3 by 700°C (1290°F) and 

20 by 300°C (570°F). Thus it is relatively easy to maintain reducing conditions in the 
hot zone of an annealing furnace with small hydrogen additions, but in the cooling 
zone the task becomes increasingly difficult.



Bell furnace operations

Figure 2. The atmosphere flow requirements 

for a typical bell furnace cycle.

In the hot zone of a typical annealing furnace using a Nitramix nitrogen/3% hydrogen 
atmosphere, a water content of less than 2% (18°C (64°F) dew point) is sufficient to 
keep the steel bright but in the cooling zone of the same furnace the water content 
must be reduced below 0.03% (-32°C (-26°F) dew point) to eliminate oxidation. In 
some critical applications where it is not possible to reduce oxygen ingress to the 
required levels, it may be necessary to increase the cooling zone hydrogen to achieve 
the necessary product quality.

As Nitramix nitrogen/hydrogen atmospheres contain no carbon-bearing compounds, 
they are intrinsically decarburising. The decarburising potential is dependent on the 
ratio of the hydrogen and water partial pressures:

CFe+H20-C0+H2 [1]

Carbon potential = K.p(H2).p(CO) [2]

POW
where K is the equilibrium constant.

However, if the hydrogemwater ratio is high and the hydrogen addition small, very 

little reaction will take place. The actual carbon loss will depend upon flowrate, 
surface area of the load, treatment time and temperature. For a furnace processing 
500 kg/hour (1100 Ib/hour) of 0.8% carbon, 2 mm (0.079 inch) diameter steel wire in 
nitrogen/hydrogen with a dew point of -42°C (-44°F), an atmosphere flowrate of 100 
m3/h (3800 scfh) would produce only 0.82 (m (33 micro-inchs) of total 
decarburisation per hour, even assuming all the water contained in the atmosphere 
was available for reaction.

A major advantage of BOC Gases Nitramix atmosphere systems over generator based 

systems is the ability to change flowrates instantaneously. This is particularly important 
in bell furnace operations (Figure 2). At the start of the cycle and during heat-up a large 
flow is needed to purge the furnace and sweep out evaporated lubricants which would 
otherwise cause problems later in the cycle. When the charge is at temperature, the 
flow can be reduced considerably and during cooling all that is required is enough flow 
to maintain furnace pressure. This technique can save 70% of the overall atmosphere 
requirement for a bell furnace.



BOC Gases Nitramix 
nitrogen/hydrocarbon 
atmosphere systems

If an atmosphere is required which is reducing to iron, and is also not decarburising, 
then small quantities of hydrocarbon may be substituted for the hydrogen. The 
hydrocarbon may be either methane, propane or propylene depending upon 
availability, treatment temperature and furnace type. Methane, which has been found 
to be suitable for most applications, cracks slowly in the furnace to form graphite 
carbon and hydrogen*5*:

CH4 => Cg + 2H2 [3]

Nitramix nitrogen/hydrocarbon atmospheres, although not as reducing as a Nitramix 
nitrogen/hydrogen atmosphere, are sufficiently reducing in furnaces with a low leak 
rate to keep steel bright. Because the cracking reaction is slow the 
hydrocarbomhydrogen ratio is high and the atmosphere has a very high 
carbon potential.

Carbon potential = K p(CH4) [4]
P(H2)

The percentage of methane needed depends on the furnace design, the product being 
treated and the process, but for most treatments 1-5% methane (or 0.1-1% 
propane/propylene) is sufficient. The carbon availability is therefore very low. This 
effect is magnified by the fact that when hydrocarbons crack on the metal surface, 
carbon tends to form as graphite, unlike the usual carburising/decarburising reaction 
from carbon monoxide, where the carbon is adsorbed onto the surface. It is 
thermodynamically difficult to get graphite to first adsorb then diffuse into the steel. 
The combination of a very high carbon potential with a very low carbon availability 
renders the atmosphere effectively neutral to any type of steel.

In spherodize annealing of steel rod and wire, in batch type furnaces, propane, 
propylene or mixtures of propadtene with metylacetylene can be added to nitrogen 
(about 1 to 3.5%, during heating up from 590DC to 720°C (1090 to 1330£’F) and 
about 0.3 to 0.8% at temperatures higher than 720°C (1330DF) and at soaking 
temperature).

A common heat treatment problem that can be solved using Nitramix 
nitrogen/hydrocarbon atmosphere systems is that of the variable surface carbon 
component. This normally occurs when machining is carried out after carburising and 
generally requires the use of expensive stop-off compounds or copper plating if an 
active atmosphere such as endothermic gas is to be employed during heat treatment. 
The AZ/tram/x nitrogen/hydrocarbon atmosphere is effectively neutral to all carbon 
levels and there is no surface carbon pick up or carbon loss. Another useful 
application of this type of atmosphere is for hardening loads of mixed components 
with a range of carbon contents.

BOC Gases Nitramix nitrogen/hydrocarbon atmospheres have been widely adopted 

for the treatment of steels, particularly those where surface carbon control is 
required and no slow cooling is involved, for example hardening using an oil quench 
or austempering. However, the advantage of the system - its low reaction rate - can 
also be its disadvantage. It cannot be used where significant contamination by 
oxidants could occur, for example with a water or polymer quench, or in an 
excessively leaky furnace. It also cannot be used where rapid furnace conditioning is 
required between loads, as in a straight through type, sealed quench furnace where 
there is direct access to the hot chamber for loading.



Decarburising control

Figure 3. Effects of air leaks on decarburisation 

of SAE 8620 after 2 hours at 850°C in 

mtrogen/4% natural gas

A typical application is the use of nitrogen with 4% natural gas for hardening at 850CC 
(1560°F). Increasing leak rate leads to an increasing decarburising potential:

CH4 + 202^C02 + 2H20 [5]

CFe + C02^2C0 [6]

Carbon potential = K p(CO)2 [7]
p(co2)

Figure 3 shows the effect of this increasing decarburising potential on a low alloy steel 
exposed to the furnace atmosphere for 2 hours at 850°C (1560°F). The 

decarburisation curves indicate that the process is controlled by the surface reactions 
[5] and [1] rather than by diffusion, at least at low leak rates. When the oxygen 
potential decreases below the level required to oxidise iron, decarburisation can be 
reduced dramatically as the tenacious oxide layer formed acts as a diffusion barrier. 
The onset of oxidation is the limiting factor in many applications where the degree of 
decarburisation is not significant, but where the work must be oxide-free. At normal 
hardening or annealing temperatures, the methane reacts out the oxygen but below 
about 650oC (1200°F) reactions [3] and [5] do not occur to any significant degree 
during the residence times associated with most types of furnace. The atmosphere 
therefore acts almost as nitrogen alone, and oxidation occurs due to the presence of 
small quantities of free oxygen.

A significant exception to this is in the operation of bell furnaces. These are normally 
capped' during cooling in annealing cycles, with only make-up gas added. The 
residence time is therefore very long and reaction [3] is sufficient to maintain a 
reducing atmosphere down to room temperature. On the occasions where a 
Nitramix nitrogen/hydrocarbon atmosphere is the most effective solution, but the 
furnace is not sufficiently tight to allow oxide free cooling, it may be possible to add a 
small quantity of hydrogen to the cooling zone to achieve the desired results.

Another significant drawback of this type of atmosphere is its propensity to form 
soot on cracking. The small volumes involved mean that there is no problem in many 
operations, but in electrically heated, open element furnaces there is a tendency for 
soot to form on the elements over an extended period, eventually leading to shorting 
and element failure. The effect can be minimised by keeping the hydrocarbon addition 
small or by burning off any soot formed during non-productive periods.



Soot deposition Soot deposition on annealed steel wire may be caused by incomplete expulsion of the 
residual drawing lubricant, during heating up to the annealing soaking temperature and 
by carbon monoxide and hydrocarbon contents in the annealing atmospheres 
(exothermic, endothermic and nitrogen based). Sooting may be reduced or eliminated 
in batch type furnaces by using a high atmosphere flow rate to flush out the lubricant 
volatiles as soon as they are formed through the largely opened exhaust valves, and 
by using one or more heat steps or a lower heating rate during heating up.

In the case of Nitramix nitrogen/hydrocarbon atmospheres with small additions of 
hydrocarbons (0.3 to 3,5%), used in annealing structural steel rod and wire in 
conventional batch type furnaces, soot deposition is difficult to avoid. However, 
carbon deposition may be entirely removed or reduced significantly by injecting air 
during the cooling stage of the annealing cycle, at a temperatures between 620°C and 
565°C (1150 and 1050oF), to allow soot to combust^.

BOC Gases Nitramix 
nitrogen/methanol 

atmosphere system

BOC Gases Nitramix nitrogen/methanol atmospheres provide many of the answers to 
the problems associated with Nitramix nitrogen/hydrocarbon systems®. The 

atmosphere can be provided with a high proportion of active components and is thus 
much less susceptible to leaks. Hydrocarbon and oxidant additions can be used to 
control the carbon potential and, at suitable active constituent levels, can therefore 
be used for carburising, decarburising or neutral hardening as desired and there is 
little tendency to deposit soot.

Methanol, when introduced into a furnace at above 750°C (1382°F), cracks to give 
carbon monoxide and hydrogen in the ratio 1:2.

CH3OH => CO + 2H2 [8]

Care must be taken when injecting the methanol, particularly at low temperatures, 
to ensure rapid cracking so that lower temperature side reactions producing soot, 
carbon dioxide and water are avoided®. Nitrogen with 20 to 40% methanol, 
dissociated outside the furnace in a methanol dissociator, could be used in low 
temperature (690°C - 810°C(1274-1490DF)) annealing.

Noncryogenic nitrogen Because of the inherent ability of Alftramix nitrogen/methanol atmospheres to tolerate
oxygen ingress, it is possible to use nitrogen produced by either pressure swing 
adsorption (PSA) or membrane instead of the more usual high purity nitrogen from a 
liquid sourcetl0). These units generate nitrogen which contains small amounts (0.01 to 
3%) of residual oxygen. It has been shown that BOC Gases Nitramix 
nitrogen/methanol atmosphere systems operate most economically with a residual 
oxygen content of 0.5%^®. At this level there are no additional safety problems (the 
noncryogenically generated gas can be used as purge gas) and little or no change to 
control parameters or addition levels.

For most applications the use of noncryogenically derived nitrogen for Nitramix 
nitrogen/methanol atmosphere systems coupled with a liquid nitrogen supply as 
standby in the event of an emergency provides economic benefits with respect to a 
system based on liquid nitrogen. There are several examples of such systems 
operating both in the UK and elsewhere

BOC Gases Nitramix hydrogen Hydrogen atmospheres are more and more used in advanced bell type furnaces for 
atmosphere system annealing of structural and stainless steel strip. Heat transfer is more efficient in a

hydrogen atmosphere. The use of high thermal conductivity hydrogen combined with 
intense recirculation of the furnace atmosphere reduces thermal gradients inside the 
strip coil, making mechanical properties more consistent®.

Hydrogen in the furnace atmosphere hydrogenates the lubricant at approximately 
400DC (750DF); this lowers the boiling point of the hydrocarbons and helps them to 
evaporate before dissociation occurs, reducing or eliminating soot deposition.



BOC Gases Nitrazone 
atmosphere zoning system

Figure 4. A schematic of the BOC Gases 

Nirazone atmosphere zoning system

In addition, the high-convection high flow atmosphere technology makes it easier to 
remove residual surface carbonaceous deposition trapped between turns of the 
tightly wound strip coil*13*.

The two major disadvantages of the BOC Gases Nitramix nitrogen/methanol 
atmosphere system are that in most cases the atmosphere is flammable and that it is 
necessary to introduce the methanol into the furnace in a zone operating above 
750°C (1380°F). Both these disadvantages can be overcome by using hybrid 
techniques based on the patented(14) Nitrazone atmosphere zoning system*1^18*. For 

example, in a mesh belt furnace for the bright, decarburisation-free annealing of steel 
pipes (Figure 4) an atmosphere which was reducing to steel and with a neutral carbon 
potential was required in the furnace hot zone. Therefore nitrogen/methanol was 
introduced into the zone at a 70:30 ratio with hydrocarbon addition controlled by an 
in situ oxygen probe.

The sections of pipe in this case were contaminated with lubricants which would 
have stained the final product if they had remained on the components. Enough 
nitrogen/water vapour mixture was therefore injected into the front end of the 
furnace to oxidise away the lubricants but not enough, when mixed with the gases 
leaving the hot zone, to be oxidising to steel.

In the cooling zone all that was required was to keep the pipes bright, so in this area 
only nitrogen was introduced. Enough hydrogen was allowed to diffuse into the 
cooling zone to produce bright work but not sufficient to produce a flammable 
mixture at the exit end. As the atmosphere at the exit end was non-flammable, 
physical curtains could be used to reduce the amount of gas needed and to ensure 
that all the atmosphere flowed towards the entry end. This flow pattern ensured that 
the products of reaction from the drawing lubricant were ejected from the furnace 
entry and did not contaminate the hot zone.



Atmosphere source selection Nitrogen

Figure 5 shows the range of dedicated nitrogen supply options available from BOC 
Gases. Large users of nitrogen-based atmospheres have long been able to generate 
the required nitrogen on-site using cryogenic distillation, often as a co-product with 
oxygen (Figure 6). Such plants, which produce high purity nitrogen at low cost, are 
usually owned and operated by an industrial gas company and the gas supplied on a 
contract basis. Steelworks would be typical users of these supply schemes.



Figure 7. A typical Mkm-LN installation

In the last few years it has been possible to get higher efficiencies from lower installed 
capital for a given purity and flow for cryogenic air separation plants resulting in 
increasing use of this method of supply. Its benefits in terms of both cost and purity 
have been brought down the size range with the introduction of units which employ 
delivered liquid nitrogen to supply some of the cold. BOC Gases' Micro-LN is one 
such plant providing high purity nitrogen in the 400 to 1000 m3/h (15000 to 38000 
scfh) range (Figure 7). Although producing nitrogen at lower cost than the more 
traditional means of supply these plants are inherently less flexible in terms of output 
and are best suited to continuous processes with steady demands for nitrogen.

The high purity nitrogen supply needs of smaller heat treaters, the vast majority of 
users, has traditionally been met by deliveries of liquid nitrogen from a road tanker 
(Figure 8). Liquid nitrogen delivered in this way is very flexible and is able to meet the 
flow rate demands of any process no matter how intermittent. A combination of this 
means of supply for peak shaving and one of the generator options for the base load 
is often an attractive option.



Some processes can take advantage of lower purity, lower cost noncryogenically 
generated nitrogen. It is possible and sometimes economically attractive compared 
with high purity liquid nitrogen to fit a deoxygenation unit to a noncryogenic nitrogen 
generator. Such a unit will produce high purity nitrogen with a very low (<500 ppm) 
residual hydrogen level. This is not usually a problem with atmosphere applications as 
hydrogen would be added as a matter of course. However if, for a particular 
application, residual hydrogen is unacceptable nitrogen with purity as high as 99.995% 

can be generated using a high purity pressure swing adsorption, but at higher cost 
than delivered nitrogen in most geographies.

Hydrogen
In most countries hydrogen is sourced either from an industrial by-product stream or 
from dedicated generation facilities and is delivered to customers either in cylinders 
or tube trailers. In some parts of the world hydrogen is available as a cryogenic liquid 
which is delivered to customers in the same way as liquid nitrogen. There are several 
technologies available for the generation of hydrogen on-site.

Although most of the currently available technologies are economical only at large 
plant outputs, BOC Gases is at the forefront of development of more appropriately 
sized plants which should become available in the near future. A typical hydrogen 
installation is shown in figure 9.



Figure 9. Hydrogen plant, lakarta, Indonesia.

Conclusion BOC Gases nitrogen-based or hydrogen atmosphere technologies can provide the 
solutions to many of the problems faced by heat treaters of semi-finished steel. Not 
only can quality be improved by the ability of nitrogen-based systems to be tailored to 
the exact requirements of a particular process but the flexibility of nitrogen-based 
systems can be harnessed to improve both economics and safety.
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Atmospheres for Annealing Electrical Steels*

by

P F Stratton and MS Stanescu, BOC Gases

The prime requirement for the cores of transformers and of rotors and stators for electric motors 
is that they are magnetically soft and have little or no retentivity. Thus when they are magnetised 
in a magnetic field and then are removed from that field they lose all their magnetism. Electrical 
steels are characterised by low hysteresis loss, low eddy current loss, high magnetic permeability 
and high magnetic saturation induction. To help especially in reducing eddy current losses they 
are formed into thin laminations which are electrically insulated from each other either by a layer 
of blue iron oxide (Fe304) or a commercial coating (Figure 1). Decaiburizing annealing of the
laminations made of Extra Low Carbon (ELC) steels (0.02 %C), is carried out to decrease core 
loss (hysteresis loss) and increase permeability of laminations by:

• Relieving the stresses that were generated during cold forming (cold deformation during rolling, 
bending, shearing and punching). The soaking temperatures of annealing for stress relieving 
are in the range 730°C to 845°C (1350°F to 1550°F).

• Increasing the grain size to 2 - 3 ASTM as grain size is related to core loss.
• Reducing the carbon level from around 0.08 to 0.02 % to less than 50 ppm as even small 

amounts of carbon interfere with the easy movement of the magnetic domains and increase 
hysteresis loss. The decaiburizing rate of iron is highest for annealing temperatures in the 
range 770%: to 855X1 (1420°F to 1570°F).

Ultra Low Carbon (ULC) steels which already have less than 50 ppm carbon and, more recently 
available, those with less than 15 ppm, can be annealed without decaiburizing [1],

Figure 1. Electric motor stator laminates

* Reprinted with permission from Advanced Materials & Processes, October 1999. ©1999 by ASM 
International, Materials Park, Ohio.



Decarburizing annealing is carried out either in nitrogen/hydrogen/water or wet exothermically 
generated atmospheres The nitrogen/hydrogen/water atmospheres may be produced by bubbling 
die nitrogen through a humidifier or by injecting steam in the annealing chamber or by reacting the 
residual oxygen in nonciyogenically generated nitrogen with hydrogen. Hie rich exothermically 
generated atmospheres usually have an air/natural gas ratio of between 6.6 and 7.6. The typical 
composition ranges of an exothermically generated atmosphere with an air/natural gas ratio of 7.5 
is shown in Table 1.

Table 1. The composition of a typical rich exothermically generated and two possible 
nitrogen/hydrogen/water atmospheres used for decarburizing annealing of electrical steels

ExothermicaUy 
generated gas

Low hydrogen
nitrogen/hydrogen/
water

High hydrogen 
nitrogen/hydro gen/ 
water

Air/Natural Gas Ratio 7.5/1 - -

CO [%1 6.8 0 0
-cg2,[%] 7.9 0 0
Dew Point f0C| 16.7 15.5 24.2
Dew Point [“FI 62 60 75.5
h2 r%i 8.6 7 15
H2or%i 2.2 2 3.75
h2/h2o 3.9 3.5 4
n2 [%1 Balance Balance Balance

In the exothermically generated atmosphere containing decarburizing components such as water 
and carbon dioxide, effectively only the water reacts with carbon contained in steel [2], as in the 
equation:

C Fe + H2 O <==> CO + H2

Decarburizing should achieve the selective oxidation of carbon from steel laminations without 
oxidizing the steel. The hydrogen levels and dew points in the nitrogen/hydrogen/water 
atmosphere for decarburizing annealing are also shown in Table 1. The low hydrogen variant is 
more commonly used. However, the high hydrogen variant may provide better magnetic 
properties, depending on material. It should be noted that nitrogen/hydrogen/water atmospheres 
do not contain carbon monoxide, methane or carbon dioxide which can cause problems in 
decarburizing annealing and bluing. It has been suggested that nitrogen/hydrogen/water 
atmospheres are intrinsically faster than exothermically generated atmospheres because of the 
absence of carbonaceous gases which produce a minimum carbon potential of 0.0003% at 
annealing temperature [3],

The ratio of partial pressure of hydrogen and water vapor (H2 /H20 ratio) is the ratio of the 
partial pressures of hydrogen and water' vapor which are numerically equal to their volume 
concentrations close to atmospheric pressure [4]. Decarburization is effectively the oxidation of 
carbon without oxidation of the steel. The Ellingham equilibrium diagram shows that an H2 /H20 
ratio higher than 3.4 is necessary, at the annealing temperature, to avoid oxidation of steel.



Experiments with various hydrogen contents in nitrogen have shown that the decarhurizing rate is 
not determined by the H2 /H2 O ratio but by the absolute quantity of water vapor in the mixture 
[5]. Consequently, a higher hydrogen content would allow a higher water vapor content in the 
furnace atmosphere, which will increase the decarhurizing rate and increase the decarburising 
potential. Therefore atmospheres with higher hydrogen content provide better decarhurizing for 
ELC steels.

The absence of carbon compounds in nitrogen/hydrogen/water atmospheres results in a cleaner 
surface and consequently a better and more consistent bluing. In addition, hydrogen can assist 
with foe heat transfer and reduce the heating up and cooling down time, reducing the temperature 
gradient of the laminations arranged in bundles. Already, a 100 % hydrogen atmosphere is used 
for annealing of electrical steel sheet after cold rolling with significant advantages related to the 
quality of foe annealed product and savings due to shorter annealing cycle times.

ULC steels, which contain 15 to 50 ppm carbon before annealing, do not need decarhurizing. Dry 
nitrogen/hydrogen atmospheres are necessary for these steels to avoid carbon pick up and 
maintain foe low carbon content without oxidation during annealing. However, steam addition will 
be necessary for foe bluing stage as described below. Exothermically generated atmospheres are 
not recommended for ULC steels because they contain large amounts of carbon monoxide, 
carbon dioxide and water vapor.

In bluing, a blue iron oxide (FesOq) film is formed on the laminations in order to reduce core loss 
caused by eddy currents. This oxide film must be thin and tightly adherent in order to provide a 
partial protection against corrosion. It is generated by oxidizing foe steel in air, steam, wet (high 
dew point) exothermically generated atmosphere or nitrogen/hydrogen/water mixtures at 
temperatures between 400°C and 540°C (750 and 1000°F). The optimum bluing temperature is 
considered to be in foe range 480°C to 510°C (900 to 950°F).

The oxidation of steel in air occurs by free oxygen present in air reacting with foe iron to form iron 
oxide (magnetite, FesOq) film, according to the reaction:

3Fe + 202 —> Fe3C>4

However, this reaction is rapid and uncontrollable and does not provide consistent results partly 
because of the changes in foe dew point of air [6]. Therefore steam, wet exothermically 
generated atmosphere or nitrogen/hydrogen/water mixtures are usually employed [7] where foe 
oxidation occurs by foe reaction:

3Fe + 4H2O <-> Fe304 + 4H2

This reaction is reversible and can be controlled by maintaining the appropriate H2 /H2O ratio and 
temperatme. Using nitrogen/hydrogen/water mixtures both elements of foe ratio can be controlled 
resulting in a uniform and adherent oxide film Bluing of laminations is much less expensive than 
commercial coating.



It can clearly be seen that nitrogen/liydrogen/water atmospheres offer considerable benefits in the 
decarburizing stage of the process, significantly improving quality. Until recently it has been 
relatively expensive to realize those benefits. However the advent of noncryogenically generated 
nitrogen produced on-site at lower cost than delivered high purity nitrogen has changed the 
picture. The residual oxygen, which can be a problem in some furnace atmosphere applications, 
can be reacted with hydrogen to produce some or all of the required water vapor. Depending on 
the economic balance between the reducing cost of the nonciyogenically generated nitrogen with 
reducing purity and die increasing cost of the hydrogen to react with it, it may be necessaiy to add 
additional water vapor to the furnace in the decaiburizing and/or bluing zones. In all cases it is 
possible to maintain accurate control of all the atmosphere parameters resulting in an optimized 
and consistent process.
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Improving the surface quality of annealed strip

by M S Stanescu and P F Stratton - BOC Gases

Semi-finished steel manufactureis produce the building blocks that are tire basis of die engineering 
industry. These products in the form of strip, wire, rod and tube are usually treated widi a controlled 
atmosphere during their manufacture to improve their fonnability into finished products while 
maintaining a high quality surface. The manufacturers may be the original steel works, wanting to 
tailor dieir products widi particular properties to meet tire needs of their major customers, or they 
may be specialist metals processors who act as value-adding intermediaries. Consistency and 
reliability are important to these manufacturers particularly for product that is to be coated to 
produce painted, galvanized or nickel-plated steel prior to dispatch.

Such product is often annealed in a 100% hydrogen atmosphere in Ebner HICON/H2 bell furnaces. 
Tire 100% hydrogen atmosphere used in these advanced batch type furnaces can increase bell 
furnace throughput by 26% and reduce costs by 11%. Ebner HICON/H2 bell furnaces employ high 
convection systems, which benefit horn the high thermal conductivity and low density of hydrogen to 
provide a high quality annealed product The highest quality annealed steel strip, wire or rod is 
produced by using tire optimum hydrogen flow rate profile and annealing cycle to give the most 
uniform temperatures within the load, fire most effective evaporation and evacuation of fire rolling 
lubricant, and significantly reduced floor to floor time.

One manufacturer of semi-finished strip was experiencing difficulty in consistently meeting fire high 
quality requirement for coated products. The problem was traced back to the 100% hydrogen 
atmosphere annealing process which was found to be producing a thin carbonaceous deposit on 
some of tire strip that interfered with the coating process. BOC Gases, which supplied tire high 
purity hydrogen, delivered to site as liquid hydrogen in road tankers, for the bell annealing operation, 
was called it to assist hr resolving the problem.

Experimental
The experimental work fell into three phases, hr the first phase the rolling lubrication system and the 
lubricants themselves were examined In tire second phase base-line date on tire current annealing 
practice including full atmosphere analysis throughout the cycle were obtained In the final phase 
modified annealing cycles were tried to improve product surface quality.

Lubrication
Examination showed that fire addition of excess rolling oils and contamination with tramp oils led to 
the content of oil hr tire emulsion becoming too high at 6%. The rolled steel strip coils were not 
clearred between rolling and annealing and were sometimes held for one or two days before being 
annealed

Current practice
While several runs with different annealing times were carried out, fire example shown hr Figures la 
and lb is typical of tire results obtained

1
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Figure la Temperature and gas flow rate for a typical annealing cycle

Time h

Figure lb Furnace gas analysis for a typical annealing cycle

Figure 1 shows that at the time the furnace was capped (ie the outlet was closed so that the only 
hydrogen required was that necessary to maintain furnace pressure) all the lubricant had not been 
removed leading to the formation of methane in the atmosphere as it broke down. The 
carbonaceous deposition is explained by decomposition of this methane.

The critical range for sooting during cooling is 500 to 300°C A small amount of carbon monoxide 
was also present which is known to break down to form soot

The times of the peaks in carbon monoxide and methane during all the annealing cycles were noted 
The carbon monoxide and methane levels in the furnace (retort) atmosphere and the times these 
levels last are the main indicators of carbon deposition. Levels higher than 0.1 % CO lasting for 
more than three hours and 1.5% CHq for more than five hours may indicate carbon deposition at

2

C
H

j a
nd

 C
O

 %
 

Fl
ow

 R
at

e m
3/

h



any time in the cycle. Carbon deposition can occur with lower carbon monoxide and methane levels 
and shorter times in the critical range for sooting during cooling.

Modified practice
Although it may have been possible to modify the rolling practice to reduce die amount of tramp oils 
and to improve the strip wiping to remove more of the lubricant, such modifications are expensive 
and take time to implement Efforts were therefore concentrated on recommendations for a more 
appropriate annealing cycle which could be applied immediately. However, it was recommended 
that the waiting time between the rolling and annealing operations was minimised to avoid oxidation 
of oil and its transformation into adherent residue during annealing. Fresh emulsions are significantly 
easier to remove during annealing.

No changes were recommended to the basic annealing cycles with regard to temperature profile or 
to the nitrogen flow rates. However, it was recommended the hydrogen flow was maintained during 
the second half of the soaking and at the beginning of cooling. In order to minimise the additional 
hydrogen consumption it would be necessary to turn it on and off during the cycle. The timing and 
frequency of the hydrogen pulses would be optimised to extract and evacuate all the methane and 
ethylene during tire second half of the soaking and at the beginning of cooling.

Several cycles were carried out and the results from a typical example are shown in Figures 2a and 
2b.

1
o>
(0
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Figure 2a Temperature and gas flow rate for a modified annealing cycle

It is clear from Figure 2b that tire modified hydrogen addition regime in Figure la succeeded in 
reducing the methane peak considerably although there was, in this case, a higher carbon monoxide 
peak early in the cycle probably due to the presence of more emulsion on the coils than in fire 
previous tests.

These data together with data from other cycles enabled an optimum cycle to be produced. That 
optimised flow pattern is shown in Figure 3 for the annealing temperature profile used in Figure 1. 
Clearly this is an idealised solution as some hydrogen flow will be required during the periods shown 
as having no flow in order to maintain furnace pressure. Using these modified cycles it was possible



consistently to eliminate the formation of carbonaceous deposits and meet the high quality 
requirements for coated strip.

Hydrogen
Carbon monoxide
Methane

Time h

Figure 2b Furnace gas analysis for a modified annealing cycle

~ 100

-- 80
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Nitrogen Flow 
Hydrogen Flow -- 40

-- 20

Time h

Figure 3 Optimised flow pattern.

Conclusions
Heat transfer is more efficient in hydrogen atmospheres because hydrogen conducts heat seven 
times more effectively than nitrogen. The use of high thermal conductivity hydrogen, combined with 
the intense recirculation of the furnace atmosphere in the Ebner HICON/H2 furnace, reduces thermal 
gradients inside the strip coil, producing more consistent mechanical properties than in a 
conventional bell type furnace using a nitrogen/6-8% hydrogen atmosphere. In addition the shorter 
heating and cooling time shorten floor to floor times and hence increase productivity. With the
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assistance of BOC Gases’ teclmical experts it was possible by modifying the timing and flow rate of 
tire atmosphere gases used to eliminate the problem of carbonaceous deposits encountered at this 
site and thus reap the hill benefits of 100% hydrogen atmospheres.



6.5

Furnace atmospheres for hardening and annealing - P F Stratton and S Blake 
- Foundry Trade Journal, January 2001, pp22-23

Contribution (75%)

This review paper was written mainly by the applicant based on his with 
additional material from Mr Blake.

Co-author Status

1. Mr Sean Blake was an Account Manager in South Africa.



FURNACE ATMOSPHERES FOR
hardening and annealing

Many sami-finished 
metallurgical products an 
heat tfoatsd in fvaacss that 
do not contain any 
protective atmosphere.
At high temperatures this 
treatment results In heavy 
scaling and at lower 
temperatures, lighter 
oxidation.

he staling rodtlng from the 
absence of a protective heat 
tie.iCr.itn.t Furnace aCraospherc

aivst be poor to further
pmcessing or pu ctlng the peoduct into 
use. Not only is the removal process
itself expensive but tne metal loss may 
be significant, a.id ihc resulting surface 
quality is eonsccucntiy poor I he 
altcnuihvc is to Wat treat jjo an 
indirectly nrerl furnace and use a 
protective atmosphere to prevent or 
reduce the oxidation.

OXIDATION REDUCTION
If the objective is just to reduce scaling 
then nitrogen car. be used tc reduce the 
oxygen to a level where the rate of 

scaling is acceptable. Fig 1 and fig 2 shew.' theoodee 
thickness after 20 minutes exposure at $00'C anil
1020*C icspcclively' for a range of materials For all

fig l. Gw'cte rfricfcness as a AtfCt'or? of affnospftere cij^eri 
co<t(e.T ic.r a ra.igc of *ioys af 900“C

| SAEMM s-un Eh*2 Mild ENM Cwt Titan- Codfiar
1____________ IMM___________tt—l________ Iroa turn___________j

in- juth:>k‘ xse
Pf 'TI»ATTAK f.-.Ll-;-"
BOC •..1 D CAN
OC.ELOPt/thl CtMRt. 
ROTHER M-iE" VdA>' 
HCLS^OCK, ?Li)
tCOoPF; ENG.A'ir 

F-"-*, iH 25. iiiJ.

0 s 1» 19 » ZS
VQiyvan

SAEaeze S'ls*» SIM2 l»W BNS4 Cj*t Tluat- Oop»ar
_______StM*______ Sisal____ !no—ars----------

fig 2. Oxide thickness as s /imerian of itmosptizre cucyger, 
cc.vtem for a range of jitoys et J02Q=C

the materials at both terr.pcratuies the rate of 
oxidation is .Approximately proportional to the 
'.ugar.thm of the oxygen, concentration and it nas 
•XCrt $hov.rn that it is proportional in the struare root 
cf t3CU\

In t erms of the practical tre&trr.ent of stee'S; this 
result means that, at higher Icmpcniturcs. reducing 
the oxygen content of the atmosphere from 
atmospnerk ;21%) to that typically produced by a 
nctvciyoger.:c rucrooen genera:or !Uh%; vvill reduce 
oxidation thickness by a fact or that varies with both 
temperature and alloy ccncenuanon but averages 
:5<i.T'he effee: o: tie seed cocr.postoon and 
temperature cn the rahiction in oxidation produced 
by reducing the oxygen cont enc of the atmosphere 
from 21% 'air} to 0.5% is sbewe io Fig 3 for low 
alloy materials the leduccion in cxisiaccn is large over 
die full teaipcrafurc range and is greater than 65% in
all cases As iheaJloy content increase?., the 
effectiveness of the 0.5% oxygen atmosphere in 
reducing oxidadew declines. m«r..y due to tine nature 
of the entice layer that is formed, even at kw oxygen 
cor.ceniratioru

.As the cost of the atmosphere is vei)' dependent
upon the tolerable oxygen level, careful consideration 
must be given to the thicknetis of oxide the: can be 
toltt&Md by subsequent processing. For example it 
has been shown that ^t least t 50% reduction in 
pichlitig ujrae is prodw^d by t:eating mild steel tr, 
nitrogen containing 0.5% residue: oxygen compared 
•with treatment in sir.

BRIGHT HARDENING
If the objective is to keep the. steel bright, then the 
addition of reducing gases such as hydrogen, 
methane, or propane are requit ed to react with the 
oxygen and prevent oxidation. Iron is relatively 
sjntple to keep bright, with an HyH.O rarfo of about 
two it hiidening -.cmperaturcs. Even with a low 
hydrogen content, say 2% hydrogen in a nitrogen 
artnosuhere. and a margin of error, a dew point of 
only (TC (fQ'F} is required. Unfortunately oxidation

Ftg 1 The ft'fecf of sf«e> comjjcsitroff end tetvperatvre or* 
/eduction m cwecfe&co prodoced oy fonwng rte 

aimospfiere oxygen concertfradari frc/T) 21 % tc 0.5%.
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JS r,ct the rcujor problrnr. in this type of treatrr.er.t. 
Dec,irb'jrisatior. is much xoie dittievit to COnUoi. 
Experience has shov\Ti that an atmosphere cramming 
nitrogen wstb 2% to 4% natural gas can provide a 
dccarburination free environment for this application 
providi ng the dew point is around -StPC (-22CF). Drw 
pcints above chts tervl to dccarbtinsc the ciateriil 
while lc\«/<r dew-points cstise the formaltejo of soot 
With associated proWeins

SR1GHT ANNEALING STEELS
Vif.ny of the same conaderacions apply to the 
diu.ca.ing of sted except that it is now necessary cc 
mainuin a rughe: ratio during cooling. For
example, in ths cooling zone oe a conbniotjs furnace, 
a minimuiti H.:f 1.0 ratio of 20 must be nmintiLned :o 
avoid oxioation. Most of the annealing atmospheres 
are composed of nitrogen with additions of hydrogen 
and. increasingly, 1QQ% h>*C.logtn atmospheres OfS 
bang -juliscd for strip steel and wire becavixe of the 
increase ir therma] Conductivity, which reduces c>-ck 
tirtvs

Wlaere carbon control is retpjired 
nit ro&n/hydnxarbcr. atmcrsphercs ran be applied in 
che same way as for hardening however, the 
conditions requirer: in che cooling zone imply a very 
dgh: f’jrr.<x.e and high atmosphere f;ov,/5. As sn 
aJtem&tivf methaio: additions can be used. Methanof 
cracks ir. Lie Itnnscc at tempera cures in excess of 
TSGPC to hxni carbon monoxide and hydrogen 
Carbon control can be achieved with h^'drocarbon oi 
au additions. This atraosphert: is much more cckrant 
of leaks and can rven be used w.th noa-cryogenially 
generated nitrogen.

can. 'cc obtained easily and consistently using a hjgh 
quality atmosphere, buc the p:cduct'.cn engineer 
requires it ic nrennun cost. It is this cptinisarbri 
process that wifi entail closer tailoring of the 
atmosphere to material and furnace requirements.

For many mat oriels the H>H,Q ratio required to 
keep the iraterial hrigb.i tisesastfce cemnerature 1aIU. 
making the tooheg zone the most cntxal part of a 
coadnuo-js furnace or :lv cocling; cycle ir. a natch 
furnace. If the f jrnacc atmosphere of a continuou' 
furnecc is flammable, and allowed cc brjrn off at the 
exit, oxidation of the product can c«ur as it passes 
through the fknte front. Such problems are best 
avoided, either by using a non-fiamxablc atxcsphers 
oi ensuring that any fUirmabk conr.ponent is cilutec 
below the rianamable limit befere the exit These 
differing requirements, together with the need to 
minimise the total quantity o: atmosphere gas used, 
and hcncc minimise cant, arc best achieved using 
BOCs petcateef Nicrazone technology, which allows 
the use of different atmospheres in different zones in 
a COQtmuo-js furnace and helps to ximnuse the 
ov'erall atmosphere consumptior.

The atmospheie requirements for bright annealing 
i range of non-ferrous alloys are summarised in che 
table 1.

SUMMARY
The ceslred quality of a component after heat 
treatment is determined by many factors, including 
the com position of the raw mste/iaJ, ihc kcac 
trea tnent process and equipment ar.d the 
attft«phere used during the process. Although policy 
or the incoming gas is one contributor to the

BRIGHT ANNEALING NON-FERROUS 
ALLOYS
1 he annealing ot Ihc majority of non-ferrous 
materials is not very demanding in terms cf 
protective atmospheres. However, the protective 
atmospheres j sed can be critical to the apparent 
quality of the finished product A high quality 
product usually requires a bright finish. That finish

Jatoe i. /imosoteee rtauiKfr,enti for bfttft anneating.

B.**? metal Alley svsten /Hnospheie Detail bo'es

Aluminium General
Mg bearing (5.000)

cS.OOOpar 02.
-40,*C Dsw p<w*t

Mon-cri'cgBnic 
r irogen possible

Copper Purecopoer

Tin bronze
Ak&e brerze
Zix (brasses)

N?
N- f H2
Nj 4- Hj 
N^HZ

<2%

5% Hz
SXHz
4-0% Hj, with
Dew point <-4CTC

Non-fteromabie 
Short exposure time

Pmcic js Metal
Ag. Au. ft)

Most alloys N^H, 5% Hj

Mid*.el bascc Nickel (200,201)
NiCu

n2 + h2 1-4% Mon-llaurr able

High chromium Stainless siec!s

h'l'Cr (Ixond 600)

NiC.'iWo (inconet
617. B25. 718)

N? + H? 40-50% Hj with
Detv port <-£CFC
75% H?
Dew point <-57*C

may ^ad 
to nitnding

aior.ospncrc composiDco, other :actcrs such as 
vaporisation of tbe quench oil or salt, lubricants 
introduced on -he compenent and ine’/itable furnace 
leaks all play an important rde 

The overriding factor when specifying heat 
treatment ar.d the atmosphere required is ■usually one 
of cose. It is however important to consider the 
overall ccst of producing the finished corr.cooent to 
the required standard aad uot only tonadet the cos'.
______________ of the ft: mace ataoesphere. By

effectively using a hirraee 
acraos phene during heat 
treatment, subsequent 
production, costs such es 
gr.nding, machining and pickling 
can be reduced or eliminated, 
thereby making the use Oi a 
furnace atmospricrc cost 
effective.

Advances in technology have 
also meant that non<ryogcnic 
nitrcgcn may also be produced at 
a reduced as: with a purity rha: 
is suitable for-he intended 
application.

Many factors need to be 
considered when designing a 
process for a hnubec component 
that requires heat treatment. 
BQC Gases' controlled 
atmosphetes specialists have the 
necessary knowledge and 
experience to advise its 
custoxen on. the most cos: 
effective furnace atmosphere for 
their ore rat on. OH
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function of the thickness of the zinc coating. Thus,the life 
of a product can be extended by simply increasing the 
thickness of the zinc coating, although there are some 
practical limits to the coating thickness. Thicker coatings 
have a greater tendency to lose adhesion during forming. 
Spot weldability also decreases, and the surface finish is 
less smooth*^1-1.

Until the 1990s, typical HDG lines used horizontal 
furnaces. More recent lines have vertical furnaces with 
precise annealing cycles for the production of galvanised 
strip in the high- and super high-strength (HSLA) steel 
grades. They are often equipped with exchangeable or 
standby pot systems for producing different coating vari
ants with rapid product changeovers. The “ air” knife sys
tem for controlfing the coating thickness is integrated into 
a closed-loop control circuit. Such circuits combine the 
latest automatic control engineering with the use of neuro
nal systems to control coating thickness. Once the coated 
strip has cooled down, it is temper-rolled in-line and can 
be chemically post-treated (passivated or phosphated). If 
the coated strip is then passed through an online surface 
inspection station and an oiler, it can be ready for packing 
and shipment to the customer directly from the linef2].

HDG strip is produced in thickness from 0. 35 to 
3. 00mm and widths up to 2,060mm. The maximum strip 
speed of a HDG line is around 150 to 200 m/min. The 
annual capacity of such lines varies from about 350,000 
to 500,000 t,depending on the design.

The general adoption of the all galvanised body shell 
for passenger cars has created a need for low cost high 
quality galvanised sheet for the exterior painted panels^. 
The surface of these panels must be as smooth and even 
as possible with minimum spangle to obtain a good paint 
finish. Now that the patents on the use of nitrogen to wipe 
HDG strip have expired1-4 ] ,the practice has risen dramat

ically, particularly in the automotive industry,where it has 
replaced electrolytic technology. One user reported that 
the use of nitrogen as the wiping fluid had minimised zinc 
oxide formation in the bath and the cany over of tin oxide 
“whiskers” ,which show up as faint wavy lines on the sur
face of the zinc. The shape of the whiskers is said to mir
ror the shape of the air knives. Although the investment in 
nitrogen was made to improve this surface finish,the con
version has also allowed this user to run at a higher strip

speed.

Nitrogen wiping
Because most HDG strip is produced on integrated 

steel sites,a low cost source of nitrogen is usually availa
ble from the cryogenic air separation plant that supplies 
oxygen to the steel melting operation. However,at separate 
cold rolling facilities such as ANSC-TKS Galvanising Go. 
Ltd. ( a Thyssen Krupp Stahl and Angang New Steel joint 
venture) in Dalian, China, the nitrogen is provided by a 
dedicated nitrogen generator. This unit is contributing to 
the rapid growth of galvanising capacity in China,which is 
expected to reach 10 million t by 2005[5].

ANSC-TKS Galvanising Co. Ltd. starts the process 
with cold rolled strip, which they buy from upstream pro
ducers. After welding and cleaning,the cold rolled strip is 
fed into a continuous annealing furnace,which has a pro

tective atmosphere, a mixture of nitrogen (lOOONmVhr) 
and hydrogen (SONmVhr). At the outlet of annealing 

furnace, the temperature of the sheets is about SOOT], 
which decreases to around 460T] after air-cooling. The 
strip then goes through the hot-dip galvanising process. 
Currently ANSC-TKS Galvanising Co. Ltd. use air for wi
ping but will introduce nitrogen wiping from 2005. The 
5kNm /hr of nitrogen required for this operation will be 
provided from a dedicated on-site BOC cryogenic air sep

aration unit as second phase of a project that originally 
supplied only the protective atmosphere.

ANSC-TKS Galvanising Co. Ltd. wish to convert to 
nitrogen wiping because they say it will generate a more 
even zinc layer and increase the surface quality of the 
sheets to meet the needs of automobile producers to whom 
the plant is an exclusive supplier.

Reducing the demand for nitrogen
At an integrated site in the USA,one of several BOC 

supplied nitrogen wiped HDG lines,hot rolled band was 
pickled,cold rolled and batch annealed in nitrogen/6% 
hydrogen to customer specifications. The strip was then 
galvanised ( Figure 1). It was chemically cleaned and 
fluxed with zinc ammonium chloride. After preheating to 
240T] ,the strip entered the galvanising alloy pot,which 

was heated to 457T], where the flux burned off. Using flu
xing rather than in-line annealing has the advantage of 
being able to run with less aluminium in the galvanising
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alloy but more dross is produced because of the higher 

temperatures required. On leaving the pot the strip was ni
trogen wiped using 5. 3 kNmVh of nitrogen to give the 

highest possible quality. Some of the strip was gal- 

vannealed before final processing.
This user was interested in using heated nitrogen as

the cooling of the coated sheet during galvanising. This 

would prevent zinc spatter from freezing on the knives 

causing die lines, and reduce the consumption of nitro

gen. A trial was conducted to evaluate the effects of heat
ed nitrogen on the galvanised coating weight profile,the 

surface appearance,and the operating environment around

Figure 1

Heating the nitrogen may also have been expected to 

decrease the amount of nitrogen required for the wiping 
process. For example heating nitrogen to 189^ increases 

its volume by 60% provided the pressure remains the 

same. Heating nitrogen to 288^ doubles its volume and 

requires approximately 0. 1 kWh/m . Doubling the vol
ume of gas doubles its velocity but halves its density; 
therefore for a constant wiping force the volume of nitro
gen required is 41% lower. Heating the nitrogen has an e- 
conomic advantage in these terms alone if the cost of 

100 m3 of nitrogen exceeds the cost of 24 kWh of electric

ity.

Heated nitrogen trials
During a short trial, the nitrogen temperature was 

slowly increased from ambient temperature to about 190^ 

for 275g/m2 galvanised production, and then gradually 
decreased to ambient temperature for the 180 g/m2 galva

nised production. The surface appearance of the samples 

was not 100% uniform. Some surface defects, such as 
smear coat, rig roll marks, and small pimples, were ob

served. It was thought that hot nitrogen reduced the forma
tion of die lines although an extended trial would be re

76

quired to support this conclusion. Samples were collected 

for surface roughness measurements. The results did not 

show any clear trends regarding the effect of nitrogen tem

perature on the surface roughness.
The coating weight profile results (Figure 2) sugges

ted some degree of reduction in edge build-up at elevated 

nitrogen temperatures and there was some evidence of re
duced total alloy consumption. However, more samples 
produced at steady state in longer trials would be needed 

to verify these results. No significant difference in the av
erage iron quantity of the galvanised samples wiped with 

or without heated nitrogen was found in that evaluation. 

This suggests that the heated nitrogen did not cause ex

cess alloy growth in the galvanised coating.

distance/inches
Figure 2 A typical coating weight profile for nitrogen at 80T

m 2 sot
<£*&AtSl>2005 30 2

Schematic of a typical fluxed galvanising line
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Heat-treatment of electrical components
As this fi«ld of thermal processing is so 

wide only a small number oi possible 
processes can be discussed, and these 
have been selected to show the diversity in the 

application oi industrial gases in this sector.

SINTERING FERRITES
Let us first consider a relatively straightforward 
process — the sintering of ferrite materials. 
There are several classes of ferrites: those with 
high coercivities used as permanent magnets; 
the low permeability, rare earth materials used 
for microwave applications; and the spinel- 
structured ferrites, used for inductors and 
transfromer cores. Among the materials in this

The use of nitrogen-based atmosphere 
systems for the heat-treatment of 
engineering components is well 
established. The use of nitrogen and 
other gases within the semiconductor 
fabrication sector of the electronics in
dustry is also familiar — but their use for 
the production of less sophisticated but 
equally important electrical components 
is probably unfamiliar to the majority.

In this article P.F. Stratton* outlines 
some of these areas with particular 
reference to the heat-treatment of elec
trical components during manufacture.

ing cooling from annealing temperature. In 
order to keep the element* bright a protective, 
reducing atmosphere is required in the anneal
ing furnace. The reducing agent employed is 
hydrogen, which is added to the inert nitrogen 
at a rate dependent upon the propensity oi the 
outer sheath material to form oxides, and is 
usually in the range 2 to 20%.

In order to improve the sealing of the furnace 
against air ingress, and hence reduce the 
amount of atmosphere gas required, physical 
curtains are fitted to each end of the furnace. 
To further reduce the possibility of ingress at 
die cooling end, where the atmosphere compoei- 
tlon is critical, nitrogen is introduced between 
the rows of curtains.

Entry Hot Zone Cooling Zone Exit

NHrogen/Air Nitrogen Nitrogen

Temp

/ \
/ \

\ / \
\

---------------

Oxygen

• 1 Ferrite sintering — schematic

latter group are the manganese-zinc ferrites 
which are manufactured from a calcined mix
ture of iron oxide, zinc oxide and manganese 
carbonate. Varioius formulations exist depen
dent upon the properties required.

To aid the pressing of the ferrite powder to 
the required shape, binders (typically PVA), 
wetting agents (typically glycerol) and stearates 
are added. It is these materials that must be 
removed from the green components before they 
can be sintered. This step requires slow heating 
in an oxidising atmosphere. Too rapid heating 
would cause a skin to iorm which would lead to 
blistering later; insufficient oxygen and the 
binders would tend to recondense, instead of 
burning off, and the rate of removal would be 
reduced.

The subsequent sintering is carried out at 
around 1230°C in a nitrogen atmosphere to pro
tect the ferrites from further oxidation (figure 
1). Protection is even more important as the fer
rites cool below 1050'C when very low oxygen 
concentrations are required in the cooling zone 
atmosphere if good electrical properties are to 
be maintained

ANNEALING OF HEATING 
_____________ ELEMENTS_____________
A typical heating element for use in electric ket
tles, deep fat fryers etc, consists of an inner 
current-carrying electrode made of Kanthal with 
mild steel end connectors surrounded by an 
outer casing. The inner electrode is seperated 
from the outer case by an insulating magnesium 
oxide layer. The ends of the conductor are 
usually nickel plated to improve corrosion 
resistance. The material used for the outer 
sheath is very dependent upon the application 
for which the element is to be used. Examples 
include copper, copper coated mild steel, 
stainless steel and even nickel based alloys.

To enable the elements to be bent into tight 
curves, which are typical of their application, 
they must be fully softened by annealing. The 
annealing temperature varies with material, but 
ranges from 850°C for copper, to 1100°C or 
more for stainless steel (figure 2).

Some of the elements are required with a 
bright finish for cosmetic reasons but some need 
a black finish to improve their heat transfer pro
perties. When a black finish is required this is 
achieved by a controlled oxidation process dur

• 3 Electrical carbon sintering — 
schematic

*TK* author ia Managut, Fuiaa 
Ltd, bduatiial Pirifniaai Dapartmaot, 
Shiplay, Waal York*. BD17 6)E

Atmoapharua Sad too, HOC 
mt, 1S/17 Northgata, BailA™

V 2 Heating element annealing — 
schama tic

This simple application of the Nitrazone 
technique can produce excellent work, 
economically, compared with existing 
techniques.

SINTERING ELECTRICAL CABBONS
Armature brushes for automobile and domestic 
appliance motors and sliding contacts are just 
some of the uses of electrical carbons. These 
components are manufactured not only from 
plain graphite but from mixtures made up of 
copper and carbon and silver and carbon with 
compositions depending upon the wear and 
resistivity requirements of the application.

As with ferrites, a binder is required to hold 
together the mixture oi powders in its pressed 
shape. The component is then sintered to ob
tain the correct mechanical and electrical pro
perties. In this case the binders are bitumens. 
Care must be taken to remove these binders at 
the start of the sintering process. Not only are 
they electrical insulators but if evaporate 
bitumen were allowed to recondense in the cool
ing zone of the furnace it would drip on the pro
duct and ruin it. The atmosphere flow in the fur
nace is therefore arranged to drive the

• 4 Transformer lamination annealing — 
schematic
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Improving surface quality in copper tube annealing

by

P F Stratton - BOC Gases, UK

Abstract

Traditionally copper tribe lias been annealed in steam or the products of combustion of a 
hydrocarbon fuel. Even when the furnace used is in good condition and free of leaks, particularly in 
the cooling zone, die product can usually be described as oxide free rather tiian bright To produce 
die ‘hard drawn’ appearance required by the more discerning customers a more reducing 
atmosphere based on high purity nitrogen/hydrogen mixtures is required For batch operations the 
bores of small tubes are purged with high purity nitrogen only, before the coils enter the furnace.

While this approach gives excellent results the high purity nitrogen required, usually derived from 
liquid nifrogen delivered to site by tanker from a large cryogenic plant is relatively expensive and 
may not even be available in the area where it is required Otiier atmosphere options must dierefore 
be considered One source of lower cost nitr ogen is pressure swing adsorption (PSA) nitr ogen 
The output from a PSA nitrogen generator is of lower purity but die paper describes how it may be 
utilised for the truly bright annealing of copper. The annealing of tribe coils and straight lengdis using 
a roller hearth furnace and die continuous annealing of small bore pipes ar e discussed

Introduction

Traditionally copper tube has been annealed in steam or the products of combustion of a 
hydrocarbon fuel such as natural gas. Even when die furnace used is in good condition and free of 
leaks, particularly in the cooling zone, the product can usually be described as oxide free rather than 
bright and may be contaminated witii soot from the breakdown of carbon monoxide during cooling. 
To produce tire ‘har d drawn* appear ance requir ed by die more discerning customer a more 
reducing atmosphere based on high purity nitrogen/hydrogen mixtures is required To keep the 
bores of small tribes free of gross oxidation it is necessary to purge witii high purity nitrogen only, 
before the cods enter the furnace, the few part per million of oxygen present in die nitrogen rapidly 
reacting with the copper and not being replaced as flow is not continuous.

While tiris approach gives excellent results die high purity nitrogen required, usually derived fiom 
liquid nitrogen delivered to site by tanker from a large cryogenic plant, is relatively expensive and 
may not even be available at reasonable cost in tire geography where it is requir ed Other 
atmosphere options must therefore be considered One source of lower cost, omsite generated 
nitrogen is the pressure swing adsorption (PSA) nitrogen generator. While the output from a PSA 
nitrogen generator is of lower purity, it may be utilised for die truly bright annealing of copper. The 
annealing of tube cods and straight lengths using a roller hearth furnace and the continuous annealing 
of small bore pipes are discussed but die technology is equally applicable to wire and strip.



Annealing of Tube in Roller Hearth Furnaces

Figure 1 shows that the H2H2O required to stop copper oxidising is very low especially at low 
temperatures. It also shows that steam cracks sufficiently to provide an atmosphere which is 
reducing to copper at temperatures below its melting point. However, if there is even a trace of 
oxygen present, either from dissolved oxygen in the original water or from leaks in the furnace it will 
react with copper at low temperatures where there is insufficient hydrogen to react with it This will 
result in light low temperature tarnishing. If the oxygen ingress is significant oxidaton will occur 
throughout the temperature range.

Lean exothermically generated atmospheres have similar problems. They are reducing to copper at 
the annealing temperature, but even a small amount of oxygen ingress will result in low temperature 
oxidation. The problem is in fact worse than the equilibrium data would suggest because even at the 
annealing temperature the reaction of adventitious oxygen and the components of the exothermically 
generated atmosphere is slow which can result in free oxygen reacting with the work at any 
temperature.

1.00E+03

a> 1.00E+00

1.00E-03

■o 1.00E-06

1.00E-09
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— - Water
— ■ Water+Oxygen

Figure 1. The oxidation boundaries for copper compared to the steam and lean 
exothermically generated atmospheres with and without 1 % adventitious oxygen.

Nitrogen / hydrogen atmospheres based on high purity gases are much more robust, partly because 
of their intrinsically higher reducing potential and partly due to the flexibility of nitrogen based 
atmospheres which allows the composition to be varied at will. Figure 2 shows the effect of the 
same level of adventitious oxygen on a nitrogen / 4% hydrogen atmosphere. It can clearly be seen 
that the atmosphere is reducing to copper over the frill temperature range resulting in a clean bright 
product

It is this robustness that enables the heat treater to make use of lower purity, lower cost, 
noncryogenically generated nitrogen to produce a high quality product without incurring a high cost 
penalty. Lower purity, lower cost nitrogen can be generated on-site using noncryogenic technology. 
There are two widely used techniques for generating nitrogen noncryogenically, pressure swing



adsorption (PSA) and membrane. Both are fully described elsewhere {1}, but a brief introduction 
is given below.
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Figure 2. The oxidation boundaries for copper compared to a nitrogen/4%hydrogen 
atmosphere with and without 1% adventitious oxygen.

In a PSA nitrogen generator compressed air is passed into a vessel containing a carbon molecular 
sieve. The sieve adsorbs the oxygen allowing the nitrogen to pass on to the process. After a time 
the bed becomes saturated and the process is stopped. The pressure is then released, venting the 
oxygen rich waste gases from the vessel, and the cycle starts again. Two vessels are used, one 
producing and one venting, giving continuous production.

In the membrane technique the compressed air passes down a hair-sized, hollow fibre, the wall of 
which contains a semi-permeable membrane. Oxygen diffuses through the membrane faster than 
nitrogen so the nitrogen is concentrated and passes on to the process while the oxygen rich waste 
gas is vented In a production unit millions of fibres are packed parallel to a central core and 
inserted into an outer case to form an air separation unit

The separation efficiency achieved by either technology is not 100% and some oxygen remains in 
the output The higher the purity required the lower the yield and the smaller the output from a given 
plant Therefore, the cost of non-cryogenically generated nitrogen increases with purity.

An extensive experimental programme involving both laboratory and field trials have shown that 
noncryogenically generated nitrogen can be employed for the annealing of copper{2}. The major 
problem that had to be overcome was the previously mentioned slow reaction between the residual 
oxygen in the noncryogenically generated nitrogen and the hydrogen. Several methods of allowing 
sufficient time for the reaction to occur including introducing the atmosphere into the furnace via an 
extended tube running through the hot chamber were suggested but it was found that the most 
effective technique was to pass the gas mixture over a noble metal catalyst This technique ensured 
that the reaction went to completion and allowed cooled gas to be introduced into the cooling zone 
of a continuous furnace, or during the cooling cycle in a batch operation.
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Figure 3. The oxidation boundary for copper compared to a noncryogenic nitrogen 
(containing 0.5%oxygen)/4.6%hydrogen atmosphere with and without 1% adventitious 
oxygen.

Figure 3 shows the effect of 1% adventitious oxygen on the atmosphere used in practice on a large 
roller hearth furnace annealing coils of copper tube. It was discovered during these trials that such 
levels of oxygen ingress were typical of the furnace under investigation and to counter its effect it 
was found that a 4.6% hydrogen level was required The experimental results are compared to the 
theoretical results in Figure 4. It can cleariy be seen that the production data matches the theory 
very well except in the furnace hot zone where the calculated oxygen ingress rate exceeded the 
assumed rate. Even so the noncryogenically generated nitrogen/hydrogen atmosphere was still 
strongly reducing to copper and a truly bright product resulted (Figure 5).
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Figure 4. The oxidation boundary for copper compared to a noncryogenic nitrogen 
(containing 0.5%oxygen)/4.6%hydrogen atmosphere with 1% adventitious oxygen and 
production data from a roller hearth annealing furnace.



Figure 5. Copper tube after annealing in a noncryogenic nitrogen (containing 
0.5%oxygen)/4.6%hydrogen atmosphere with ~1% adventitious oxygen in a roller hearth 
annealing furnace.

Continuous Tube Anneahng

Continuous tube annealing differs from annealing by other methods particularly with regard to the 
exposure time of the tube to the atmosphere. It is well known that for short exposures a much 
higher level of oxygen can be tolerated without visible oxidation than for longer exposures. It has 
been suggested that this is due to a slow oxide nucleation reaction {3} although local depletion of 
the atmosphere in oxygen is also possible.

100000

10000

Oxygen (ppm)

Figure 6. The time limit for visible oxidation for copper tube exposed to nitrogen/oxygen 
atmospheres.



A series of experiments was earned out using short lengths of copper tube which had been pre
reduced in an atmosphere of nitrogen/3% hydrogen to ensure consistent starting conditions. The 
samples were exposed to different nitrogen/oxygen atmospheres at 800°C for times of between 30 
seconds and 30 minutes. The time at which visible surface oxidation first occurred was noted for 
each oxygen level. Subsequent XPS analysis showed that the oxide became visible when the 
copper to oxygen ratio in the surface layers of the tube was less than about 6 to 1 with all the 
copper either in tire 0 or +1 oxidation state. Previous work has shown that a surface copper to 
oxygen ratio of 8 to 1 is not visible to the naked eye {4}.

Figure 6 shows that tire results obtained from this simple approach are consistent with those 
previously reported in the literature {3 and 5}. The time at temperature in a typical induction heated 
in line copper annealing furnace is around three seconds. Projecting the data from Figure 6 this may 
be equated to a maximum allowable oxygen content in tire atmosphere of 0.12% in order to obtain a 
bright product hr an industrial application some margin of safety must be applied so that tire 
recommended maximum oxygen level would be 0.08%; an oxygen level that can easily be achieved 
using the PSA technology described above.

Conclusions

Nitrogen generated by a pressure swing adsorption nitrogen generator can be employed as a 
protective atmosphere for the annealing of copper tube and is capable of producing an excellent 
surlace finish. The nitrogen/hydrogen atmospheres employed in continuous finnaces for the 
treatment of coil are more tolerant of leaks than the conventional exothennically generated 
atmospheres, hr tire in-line induction annealing of tube noncryogenically generated nitrogen 
atmospheres give as good, ifnot better results than steam but at lower cost.

References

1. MacLean, R, “Advances in non-cryogenic gas separation technologies’, BOC Technology 
Magazine, Vol.5, October 1986.

2. Stratton, P F, “A cost effective nitrogen-based atmosphere for copper annealing^’ Heat 
Treatment of Metals, 1990.4

3. Stratton, P F, ”The use of non-cryogenically generated nitr ogen to inhibit the oxidation of non- 
ferrous materials during heat treatment?*, Proceedings of the 10th IFHT Conference, Brighton, 
Sept 1996.

4. Stratton, P F and, “The effect of pre-treatment on gap filling in the furnace brazing of copper”. 
Proceedings of Lot’98, Aachen, June 1998

5. Pilling B, and Bedworth R E, “The oxidation of metals at high temperatures”, J. Inst Metals, 
1923, 29.



7.5

Protective atmospheres for the heat treatment of magnesium alloys - PF 
Stratton and EK Chang - Magnesium Technology 2000, Nashville, USA, 
March 2000. (Magnesium Technology 2000, ed. by H. I. Kaplan, J. N. Hryn 
and B. B. Clow: TMS, Warrendale, PA, USA, (2000), pp. 71-75.)

Contribution (70%)

The original idea for the project on which this paper was based was that of the 
applicant. He wrote the project justification and the experimental schedule.
Dr Chang carried out the experiments. The applicant wrote the vast majority 
of the paper with some input from his co-author.

Co-author Status

1. Dr Eric Chang was a researcher at the BOC Technical Center in the 
USA.



PROTECTIVE ATMOSPHERES FOR THE HEAT TREATMENT OF MAGNESIUM ALLOYS

PF Stratton* and EK Chang-t-

*BOC Gases, European Development Centre, Rotlier Valley Way, Holbrook, Sheffield, UK 
+BOC Gases, Group Technical Centre, 100 Mountain Avenue, Murray Hill, NJ

Abstract

Most magnesium alloys are used for die castings which, due to 
the presence of porous cores, cannot be heat treated at present 
without blistering. However, as technology improves, pore- 
free castings will become available whose properties can be 
optimised by heat treatment and environmentally friendly 
protective atmospheres will be required for mass production 
processing. The remaining sand cast magnesium-zirconium 
alloys, mainly used for aerospace components, are currently 
heat treated. The most common alloy, ZE41, is usually only 
treated to the T5 temper whereas the increasingly popular 
WE43 is treated to T6 temper. During that heat treatment 
there is a potential fire hazard which can be solved by the 
correct application of a protective atmosphere.

There is always a risk of fire in any magnesium heat treatment 
due to equipment failure or local furnace hot spots. The risk of 
ignition is particularly acute for alloys which must be solution 
treated at over 400°C at which temperature some form of 
protective atmosphere has historically always been advised. 
The atmospheres recommended leave a great deal to be desired 
in terms of effective controf, toxicity and environmental 
impact. A study of non-toxic environmentally friendly 
alternatives is presented forZE41 and WE43.

One route to pore-free castings is hot isostatic pressing (HIP). 
If HIP of magnesium castings is to become a standard process

within the automotive industry, the cost must not be prohibitive. 
One way of reducing costs would be to replace the argon 
pressurisation medium with nitrogen and the effects of doing so 
are examined

Introduction

Most magnesium alloys are used for diecastiugs which, due to the 
presence of porosity in the cores, cannot be heat treated at present 
without blistering. In future, pore-free castings will be produced 
either by an improved die-casting teclmology or by HIP treatment 
of the existing product. This latter process route has been too 
expensive for automotive applications but modified teclmiques 
will shortly be available at significantly reduced cost [1], This 
technology will allow the use of alloys whose properties can be 
optimised by heat treatment for such applications, increasing die 
scope for magnesium use. The sand cast magnesium- zirconium 
alloys, mainly used for aerospace components, are usually heat 
treated. The most common alloy, ZE41, is usually only treated to 
die T5 temper whereas the increasingly popular WE43 is treated 
to T6 temper.

There is always a risk of fire in any magnesium heat treatment due 
to equipment failure or local furnace hot spots. The risk is 
particularly acute for alloys, which must be solution treated at in 
excess of 400°C, at which temperature some form of protective 
atmosphere is always recommended. Severe oxidation can reduce 
strength but less severe oxidation can be a problem in post heat

PF Stratton and EK Cbaii' 1 of 5



treatment finishing operations and impairs the aesthetic quality 
of die part. While it is impossible in practice for a protective 
atmosphere to prevent the oxidation of magnesium, it is 
possible to prevent gross oxidation. Atmospheres currently 
recommended to reduce oxidation and control fires are based 
either on S02 or SFg and leave a great deal to be desired in 
terms of effective control, toxicity and environmental impact.

Bulk magnesium alloys do not ignite in air at temperatures 
much below 500°C although tire exact ignition temperature is 
strongly affected by tire alloy content [2], and physical form 
[3]. However, it has also been reported that prolonged heating 
at temperatures as low as 427°C can cause ignition [4]. It has 
been shown that the presence of small quantities of sulphur 
compounds in the atmosphere increase the ignition temperature 
but the mechanism is not fully understood.

Environmental imnact

Sulphur dioxide was for a long time the gas used to modify the 
oxide film formed on magnesium to make it more protective. 
However, sulphur dioxide is toxic and forms with water vapour 
an acid that corrodes steel fixtures. When used to protect 
liquid magnesium it is also known that under some conditions 
reaction products and deposits can form which lead to metal 
eruptions from furnaces. For these reasons S02 was widely 
replaced by sulphur hexafluoride in die early 1970s.

Until die mid 1990s diis mediod was considered to give good 
working conditions and low environmental impact However, 
it has recently been shown that SF6, having an estimated life of 
3200 years in the atmosphere, has a Global Warming Potential 
23900 times that of carbon dioxide. In other words, 1 kg of SFfi 
has the same effect as approximately 24 tonnes of C02. 
Although die current contribution of SF6 to global wanning is 
small, its long life in die atmosphere means diat its 
contribution is rising and may amount to 0.5% of the effect of 
C02 by 2010 [5]. A recent report concluded that it was now 
important to identify methods of eliminating the use of SFg [6].

Experimental

Ignition is a result of rapid oxidation, tiierefore die role of die 
atmosphere in magnesium heat treatment is to prevent rapid 
oxidation. The exclusion of oxygen should he effective in 
preventing a fire from starting, and the only question remaining 
is how low die oxygen level needs to be for each case. 
Nitrogen is effectively inert to magnesium under die conditions 
considered and was used as carrier gas in die experiments.

Bulk material

Samples of ZE41A and WE43 widi the chemical compositions 
shown in Table 1 were used for the experiments in die form of

small bars approximately 2 nun x 3 mm x 3 mm weighing 
approximately 30 mg.

Hie alloys were placed in standard differential diermal analysis 
(DTA) equipment and heated at a controlled rate to simulate 
industrial practice in the heating of castings. Any reaction of the 
sample widi die surrounding atmosphere would he indicated by a 
rapid rise in temperature.

Table 1. Chemical composition of die magnesium alloys

ZE41A WE43
RE (rare earth) (%) 1.33 3.20
Y (%) - 4.10
Zn (%) 4.40 -
Zr (%) 0.71 0.59
Mg (%) Bal. Bal.

ZE41A Standard samples were heated from room temperature to 
500°C at a rate of 10-20oC/miii in atmospheres of air, 100% argon, 
100% nitrogen and 100% oxygen. Ignition was not observed in 
any of die atmospheres.

WE43 Standard samples were heated from room temperature to 
600°C at a rate of up to 50oC/inin in atmospheres of air, 100% 
argon, 100% nitrogen and 100% oxygen. Aldiough die increased 
heating rates do not reflect industrial practice in the heating of 
components, it was noted that previous workers had used 
experimental techniques in which die sample was only exposed to 
die oxidant at the test temperature. Heating at a higher rate 
reduced die possibility of forming protective layers during heating. 
Even widi die highest heating rates ignition was not observed in 
any of die atmospheres.

Samples contaminated widi oil were also examined. The oil used 
had a known ignition temperature well below die treatment 
temperature but still no ignition of die magnesium occurred.

Powder

As starting fires in brdk material had proved difficult diese tests 
were earned out with pure magnesium powder. A coarse powder 
(approximately 0.1 to 0.3 nun diameter) was used to simulate 
typical machining fines.
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Figure 1. A typical temperature graph for magnesium igniting 
in air at 580°C

The experimental set-up was identical to that used for the bulk 
materia], but with only ~ 5 mg of sample each time. A typical 
temperature curve generated by a magnesium sample that 
ignited at 580°C in air is shown in Figure 1.

Tests in air showed that changing the heating rate between 10 
and 50°C/min had little effect on the ignition temperature of

about 570°C. The maximum temperature reached was measured 
under a ~50 mg alumina crucible, which was heated by the 
oxidation of ~5 mg of magnesium powder minus heat loss to the 
environment. The energy released by the ignition, indicated by the 
temperature rise, increased with increasing heating rate as shown 
in Figure 2. It is suggested that this increase in energy release is 
due to the magnesium powder oxidising during slow heating, 
making it unavailable for oxidation during ignition.

Hofcng Rat* ( Cftoin)

Figure 2. Maximum sample temperature alter ignition
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Figure 3. Details of differential thermal analysis graphs from 575°C for magnesium powder heated in dilTerent atmospheres.

DTA results are shown in Figure 3 for samples of powder heated 
at 50°C/min in different atmospheres. The line labelled DTA in 
Figure 3 is a microvolt output related non-linearly to the

temperature difference between a crucible holding the sample and a 
close-by reference crucible holding alumina powder in the same
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environment Positive readings indicate an exothermic reaction 
taking place in die sample crucible.

It is clear from Figure 3 that ignition in air takes place at around 
580°C and all the powder rapidly oxidises. When the oxygen 
level in the atmosphere is reduced to 8% an exothermic reaction is 
still evident at 580°C but the lower oxygen availability causes an 
insufficient energy generation rate to achieve thermal run-away 
and ignition. Further heating lowered the energy barrier and 
ignition took place at 600°C. It should be noted that the rate of 
reaction, indicated by the slope of the DTA curve, was 
significantly lower than occurred in air.

When the oxygen level was lowered to 4% an exothermic reaction 
still occurred at 580°C. The energy generation is lower than that 
at 8% oxygen and insufficient to cause ignition. Under these 
conditions even further heating to 600° C is not enough to cause 
ignition. At 2% oxygen no significant reaction takes place at 
580°C but there is some slow reaction at 600°C, again insufficient 
to cause ignition.

It may be concluded from these data that reducing the oxygen 
level to 4% is sufficient to prevent ignition of machining fines. 
However, it is recommended that the oxygen level is maintained at 
less than 2% oxygen to give a margin of safety. It would not be 
recommended that the oxygen level be reduced to zero as this 
might suppress the formation of a protective oxide layer resulting 
in ignition when the components were removed from the 
protective atmosphere. Nitrogen containing low levels of oxygen 
can be generated economically on site using a noncryogenic 
technology such as pressure swing adsorption [7].

Reducing the heating rate to a more industrially typical 10°C/min 
made no significant difference to the results for reduced oxygen 
levels.

Hot isostatic pressine

Hot isostatic pressing (HIP) of magnesium castings to improve 
their integrity must be seen as the key to their increased use in 
automotive applications. Unfortunately, however, the cost of 
such treatment using currently available technology is likely to 
prove prohibitive. One of the major costs in HIP is the argon 
used as the pressurising medium. Argon is the ideal gas for this 
application as it is totally inert but it is relatively expensive. A 
cheaper alternative would be nitrogen.

Nitrogen can be considered to be inert in most heat treatment 
application. However, at the high temperatures and pressures 
used in HIP it can react with metals to form nitrides. As the 
reaction is exothermic it could lead to thermal runaway and a fire 
with the magnesium burning in nitrogen. It might be expected that 
the HIP processing of magnesium would require pressures in the 
range 50 to 100 MPa (> 500 bar) at temperatures of 350 to 500°C 
depending on the alloy to be processed [8].

Samples of WE43 approximately 2 mm x 2 mm x 2 mm weighing 
approximately 15 mg and power samples weighing approximately 
1.9 mg were subjected to standard auto-ignition testing in 100% 
nitrogen and 100% oxygen. The samples were initially pressurised 
to approximately 30 Mpa (~ 300 bar) and were heated to 400°C at 
approximately 10°C/min. Both maximum temperature and heating 
rate were limited by the equipment used. At 400°C the pressure in 
the equipment had risen to approximately 60 Mpa (> 600 bar). In 
no case was any reaction noted.

On removal from the apparatus the machined surfaces of the solid 
samples remained bright. However, it was noted, that the fracture 
surface where the sample had been broken from a larger piece, was 
darkened, indicating some reaction. Examination of the fractured 
surface using energy dispersive x-ray (EDX) analysis showed the 
darkening was probably caused by surface oxidation although this 
technique cannot categorically rule out the presence of small 
quantities of nitrogen.

PiSCUSSMl

The cause of ignition of magnesium during heat treatment is the 
energy released by oxidation. It is suggested that ignition only 
occurs when the rate of oxidation and hence energy release is 
sufficient to cause melting of the surface. This melting disrupts the 
protective oxide film allowing further rapid oxidation and thermal 
run-away. Such high rates of oxidation are not possible during 
normal heat treatment of bulk components in air as a protective 
oxide film forms during the heating phase, reducing the reaction rate 
below the critical level. The rate of oxidation can also be 
suppressed by reducing the oxygen level in the atmosphere. Figure 
4 suggests that the critical oxygen level is about 5%.

Oxygen (%)

Figure 4. The maximum sample temperature after oxidation at the 
ignition temperature.

Reconitqciidatioqs

The techniques used in previous work on the ignition of magnesium 
and its alloys exposed a clean metal surface to die oxidant with
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both at the experimental temperature. Such conditions are 
unlikely to occur in industrial practice unless significant 
mechanical damage occurs during processing. It has been 
demonstrated above that in simulated industrial conditions 
ignition does not take place even in a 100% oxygen atmosphere 
due to the formation of a protective oxide layer during heating to 
temperature. It may be concluded therefore that standard heat 
treatment practice, even in an air atmosphere, will not result in 
fires provided the components are free irom fine particles, and are 
securely stacked in the furnace and are not allowed to interact 
with furnace furniture, particularly during unloading.

If it is not possible to ensure the conditions above, then it is 
recommended that an atmosphere of noncryogenically generated 
nitrogen is used with the oxygen content controlled to less than 
2%. Magnesium heat treatment processes can then be safely 
carried out without the use of environmentally unfriendly sulphur 
compounds. These results also indicate that the use of non
sulphur bearing atmospheres may suppress fires in liquid 
magnesium processing by a similar mechanism. However, lurther 
work is required to confinn these findings.

In HIP treatments where totally inert argon is usually employed 
for fear of ignition with nitrogen as the pressurising gas, it has 
been demonstrated that, for both solid and powdered magnesium, 
ignition was not observed at 400°C and 600 bar (60 Mpa) 
pressure. This suggests that die cheaper nitrogen can be used in 
the process at considerably reduced costs.
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Conclusions

Bulk magnesium components do not ignite during typically used 
heat treatment cycles in air but, to prevent tires, due to either the 
presence of machining fines or mechanical damage during 
treatment, a uonciyogenically generated nitrogen protective 
atmosphere containing less than 2% oxygen is recommended. 
Nitrogen also seems safe for use as the pressurisation medium in 
hot isostatic pressing of magnesium alloys.
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HOT ISOSTATIC PRESSING OF MAGNESIUM ALLOYS

P F Stratton (BOC Gases, Sheffield, UK) and D Evans (TTI Group, Letchworth, UK)

Hie drive to reduce tie weight of vehicles lias resulted in tie increased use of light metals such as 
alranimmn and magnesium. Aluminium is now a well established material but magnesium has been 
restricted to niche, mainly non-load-bearing, components because it cannot be easily wrought and 
tie only cost effective mass production metiiod, die casting, produces a porous product that cannot 
be heat treated without blistering and cracking.

Hot isostatic pressing (HIP) is routinely applied to aluminium castings, such as turbocharger rotors, 
to ensure that they are See from porosity. The availability of such a treatment would render 
magnesium die-castings heat treatable and make magnesium a much more attractive material to 
component designers. Little has been published on the effectiveness of HIP treatment on die cast 
magnesium. A systematic study of the effects of HIP treatment and subsequent heat treatment on 
the properties of three commonly available magnesium alloys - AZ91D, AM50 and AM60 - was 
therefore undertaken and the results are reported

1. Introduction

Reducing vehicle weight has become one of the major targets of the automotive industry 
particularly in Europe. It lias resulted in the increased use of light metals such as aluminium and 
magnesium. Aluminium is now a well established material but magnesium has been restricted to 
niche, mainly non-load-bearing, components because it cannot be easily wrought and the only cost 
effective mass production method, die casting, produces a porous product that cannot be heat 
treated without blistering and cracking. Pore-free castings may, in future, be produced by an 
improved production technology such as fliixoformingP], thixomouldingf^ or twin-screw 
ilieomouldiiig^1 but for the time being HIP treatment of the existing die-cast product appears to be 
tire best option. This will allow the use of alloys whose properties can be optimised by heat 
treatment, increasing the scope for magnesium use.

2. Hot Isostatic Pressing

HIP is routinely applied to aluminium castings, such as turbocharger rotors, to ensure that they 
are free from porosity. The availability of such a treatment would render magnesium die-castings 
heat treatable and make magnesium a much more attractive material to component designers. If HIP 
of magnesium castings is to become a standard process within the automotive industry, the cost must 
not be prohibitive. One way of reducing costs would be to replace the argon pressurisation medium 
routinely used for most materials with nitrogen. However, the consequences of doing so must be 
understood

Nitrogen can be considered to be inert in most heat treatment applications. However, at tire high 
temperatures and pressmes used in HEP it can react with some metals to fomi nitrides. Tire 
exothermic reaction would lead to thermal runaway and a fire with the magnesium burning in 
nitrogen. It might be expected that the HIP of magnesium would require pressmes in the range 50 
to 100 MPa (>500 bar) at temperatures of 350 to 500°C depending on the alloy to be processed.



Results of standard auto-ignition testing of solid and powdered magnesium alloy in commercially 
pure nitrogen have previously been reported13|. The samples were initially pressurised to 
approximately 30 MPa (-300 bar) and were heated to 400°C at approximately 10°C7min. At 
400° C the pressure in the equipment had risen to approximately 60 MPa (>600 bar). In both cases 
no reaction was noted, indicating that nitrogen could safely be used as the pressurisation medium for 
HIP treatment

2.1 Experimental and Results - HIP
ASTM standard tensile test bars of three magnesium alloys - AZ91D, AM50 and AM60 - were 

die cast and tested at Hydro Magnesium, Norway. The cast analyses are shown in Table 1.

Table 1. Cast analyses of the magnesium alloys used

Alloying Element AZ91 (%) AM50 (%) AM60 (%)
A1 8.8 4.8 6.0
Zn 0.79 0.018 0.01
Mn 0.22 0.26 0.32
Si 0.01 0.01 0.01
Fe 0.0028 0.0007 0.0028
Cu 0.0010 0.0013 0.0011
Ni 0.0005 0.00005 0.0006
Be 0.00006 0.000006 0.000003
Porosity 0.9 0.9 1.9

Photomicrographs of the as cast structures of each of the alloys used is shown in Figure 1. All the 
HIP processing was carried out at 400 ± 10°C, well below the incipient melting point of these alloys 
(between 420 and 435°C) for two hours.

Fig.la AMS0 as cast.



Fig. lb AM60 as cast

Fig. 1C AZ91 as cast

Ten test bars of each alloy were processed at 100 MPa (1000 bar) and ten at 40 MPa (400 
bar). Samples were tensile tested before and after HIP treatment The samples were also 
sectioned, polished and examined for porosity in the unetched condition. Hardness testing was 
carried out in an apparently sound area

Tensile and hardness tests in the as cast condition (Table 2) agreed well with both the testing 
carried out by the material suppliers and published data for the materials in questiod4l

Table 2 Mean as cast tensile and hardness properties

Material UTS
(MPa)

%
Elongation

Hardness
(HV5)

AZ91 253 7.7 68.1
AM50 248 17.4 54.5
AM60 247 13.3 56.9

Unetched cross sections of the as cast material showed a significant amount of porosity in the 
samples. A typical example for AZ91 is shown in Figure 2.



Fig. 2 Porosity in AZ91 sample

HIP treatment at 40 MPa significantly reduced the porosity closing all but the hugest pores. At 
100 MPa all porosity had been healed None of the HIP treated samples showed any evidence of 
the small surface depressions caused by the healing of near surface voids. This confirms the view 
that voiding was limited to the core of these geometrically simple test pieces.

Microstructural examination showed the post HIP treated samples to be consistent with die-cast 
structures following annealing for two hours. That for AZ91 consisted of blocky beta phase in a 
eutectic matrix (Figure 3).

Fig. 3 Post HIP structure of AZ91

For AZ91 the ultimate tensile strength increased slightly to 259 MPa with 4.5% elongation for die 
40 MPa treatment but for the 100 MPa treatment it increased to 309 MPa with 7.5% elongation. 
Both the AM50 and AM60 samples dramatically decreased in ultimate tensile strength and ductility 
after HIP treatment due to the adverse effects of annealing these materials. The structures exhibited 
a brittle grain boundary phase as shown in Figure 4 for AM60.



Fig. 4 AM60 after HIP treatment

The hardness results were consistent with the tensile figures. All the results are summarised in 
Table 3.

Table 3 Summary of HIP treated properties

Material HIP pressure 
(MPa)

UTS
(MPa)

% Elongation Hardness (HV5)

AZ91 40 259 4.5 76.6-86.2
100 309 7.5

AM50 40 153 4.0 52.6-55.4
100 156 4.5

AM60 40 98 1.2 49.5-55.7
100 106 1.5

3. Heat Treatment

There is always a risk of fire in any magnesium heat treatment The risk is particularly acute for 
alloys that must be solution-treated at above of 400°C. At these temperatures some form of 
protective atmosphere is always recommended. If the properties of magnesium alloys are to be 
optimised by heat treatment then an environmentally friendly protective atmosphere will be required 
for mass production processing. The atmospheres normally recommended leave a great deal to be 
desired in terms of effective control, toxicity and environmental impact.

Sulphur dioxide was for a long time the gas used to modify the oxide film formed on magnesium 
to make it more protective. However, sulphur dioxide is toxic and forms, with water vapour, an 
acid that corrodes steel fixtures. When used to protect liquid magnesium it can, under some 
conditions, form reaction products and deposits that lead to metal eruptions from furnaces. For 
these reasons SO2 was widely replaced by sulphur hexafluoride in the early 1970s. Until the mid- 
1990s this method was considered to give good working conditions and low environmental impact 
However, it has recently been shown that SF6, which has an estimated life of 3200 years in the 
atmosphere, has a global warming potential 23900 times that of carbon dioxide.

Nitrogen inerting has been shown to be effective in preventing a fire from starting even when 
there is some oxygen present provided that the components are heated up in this atmosphere*3'. It



was found that standard heat treatment, even in an air atmosphere, would not result in fires provided 
the components are free from fine particles, are securely stacked in the furnace and are not allowed 
to interact with furnace furniture, particularly during unloading. However, if it was not possible to 
ensure these conditions, then it was recommended that an atmosphere of nitrogen with the oxygen 
content controlled to less than 2% was used. Magnesium heat treatment processes can then be 
carried out safely without the use of environmentally unfriendly sulphur compounds.

3.1 Experimental and Results - Heat Treatment
Following HIP processing five bars of each alloy were heat treated by solution treating for 24 

hours at 413±6°C then water quenching. Precipitation hardening was the carried out at 168±6°C 
for 16 hours for the AZ91 and 232±6°C for 6 hours for the AM50 and AM90 samples to produce 
a T6 condition. Samples were tensile tested before and after heat treatment. The samples were also 
sectioned, polished and examined for porosity in the unetched condition. Hardness testing was 
carried out in an apparently sound area. None of the samples including those in the as cast condition 
exhibited any blistering after heat treatment This is no doubt due to the absence of near-surface 
voids in the samples

For the AZ91 samples both UTS and hardness fell following heat treatment compared with the 
un-heat treated condition (Table 4). The ductility did not improve.

Table 4 A comparision of tensile strength before and after heat treatment

Initial condition Before heat treatment After heat treatment
UTS (MPa) Hardness

(HV5)
UTS (MPa) Hardness

(HV5)
AZ91 As cast 253 68.1 206 53.5
AZ91 HIPed 282 81.4 239 68.6
AM50 As cast 248 54.5 180 54.5
AM50 HIPed 154 54 205 55.3
AM60 As cast 247 56.9 123 56.8
AM60 HIPed 106 50. 5 222 59.6

The microstructure was typical of that found after long solution treatments151 consisting of a fine 
equiax grain structure of alpha phase with beta phase particles at the grain boundaries (Figure 5). It 
was noted that there was significantly more beta phase present in the HIP treated samples.



Fig. 5 HIPed and heat treated AZ91.

All the AZ91 samples, including those that had been HIPed, exhibited a visible central defect on 
failure. Microscopic examination at low power showed a ring-like structure in the position where 
the ring of porosity had been in the as cast samples. A typical example is shown in Figure 6.
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Fig 6 “Defect” in HIPed AZ91 sample.

It was not possible to confirm the constituents of the “defect” but as is apparent in both etched 
and unetched samples it is unlikely to be beta phase. The most likely explanation is the segregation 
of oxides and sulphides to the faces of the pores during solidification

For AM50 the heat treatment restored the tensile strength of the HIP treated samples to some 
extent, but ductility was still well down on the as cast material. An example of the heat treated 
microstructure is shown in Figure 7. All the samples exhibited the same equiax grain structure with 
some second phase at the grain boundaries. There was no apparent difference in structure between 
the HIPed, HIPed and heat treated and heat treated only samples. It is unlikely that HIP treatment 
would be beneficial to AM50 as the time and temperature required for the treatment produces an 
over aged structure.

f
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Fig. 7 AM50 after HIP and heat treatment.



For AM60 the tensile strength and ductility were somewhat restored by heat treatment following 
HIP treatment as the grain boundaiy phase dissolved in the matrix (Figure 8). However the effect 
was insufficient to reach the as cast properties

r-
l i jfa i

Fig. 8 AM60 after HIP and heat treatment.

As the HIP treatment of the AZ91 alloy at 100 Mpa suggested the most promise and heat treatment 
degraded the result, a further batch were treated at 400°C but for a shorter time - one hour The 
results of this treatment are shown in Table 5.

Table 5 The properties of AZ91 HIPed at lOOMpa for one hour at 400°C

Hardness (HV 2.5) - 7 samples 60.4-71.3
UTS (Mpa) - 5 samples 260 - 302
Elongation (%) - 5 samples 5.5-10.5
Reduction in area (%) - 5 samples 8.5-15.5

While not quite as good as the samples HIPed for the longer time in terms of tensile strength the 
mean ductility was better. All properties were superior to the as cast material.

4. Conclusions

HIP treatment of magnesium alloys at 400°C and 100 MPa pressure eliminates porosity in 
magnesium die-castings. HIP treatment increases both the tensile strength and ductility of AZ91, but 
decreases the tensile strength and ductility of AM50 and AM60 significantly. The optimum results 
were obtained with a one hour treatment

Post HIP heat treatment of AZ91 significantly degraded its properties. Both AM50 and AM60 
responded well to the heat treatment but it was not possible to restore the as cast properties using 
the experimental treatment conditions.
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Case hardening titanium

P F Stratton
BOC, Rother Valley Way, Holbrook, Sheffield S20 3RP, UK

Abstract

Titanium alloys have some very useful properties. They have a high strength-to-weight 
ratio and excellent corrosion resistance. Unfortunately, however, they have very poor 
tribological characteristics. Oxygen can be diffused into titanium alloys to form a hard 
surface layer that significantly improves those characteristics. If this is combined with a 
rutile oxide surface layer, a surface capable of acting as the wear face of a high 
performance gear is produced.

To date it has only been possible to produce an oxygen diffusion layer with the desired 
characteristics by oxidation followed by diffusion in a vacuum. A third step is required to 
produce the surface oxide. The work reported in this paper was aimed at producing the 
duplex surface in a single treatment without recourse to expensive vacuum technology. 
It was found that the required layer could be produced in a highly controllable manner 
using mixtures of argon and oxygen at atmospheric pressure.

Introduction

Titanium was first extracted early in the 20th century, but was not available commercially 
until 1946. The metal is known for its combination of high strength-to-weight ratio, 
excellent corrosion resistance and outstanding biocompatibility. Typical applications are 
chemical process plants, golf clubs and artificial hips. Although titanium has been widely 
used in the aerospace industry - the new F22 is 39% titanium - its wider application has 
been restricted by its high cost and poor tribological behaviour.

Several continuous processes that could replace the expensive batch Kroll process to 
make the pure metal have reached the pilot plant stage, including one by Sumitomo in 
Japan in the 1990s, but none was never commercialised 1. British Titanium (BTi), a 
small UK company, is reported to have been working for three years on a cheaper 
continuous production process (FCC), discovered by scientists at the University of 
Cambridge, which could cut production costs substantially. A recent article suggested 
that this BTi technology could slash the cost of the metal by up to three- quarters 2. In 
an even more recent development, Kyoto University have reported an improvement to 
this process, which uses 50% less electrical energy 3. Combined with new near-net- 
shape processing technologies such as hot isostatic pressing, this development could 
bring titanium or its alloys into everyday use for anything from lightweight personal mini
helicopters to saucepans, and in particular to the automotive industry.

The poor tribological properties of titanium, thought to be related to its crystal structural, 
electron configuration and lubrication behaviour, have also been studied. All 
established surface engineering technologies such as ion implantation, PVD coating, 
plating and laser surface alloying can be applied to titanium alloys. One alternative is to 
case harden titanium using nitrogen as the hardening agent.



Work by Malinov et al. has shown that titanium alloys can be case hardened in a 
nitrogen atmosphere at temperatures between 950 and 1050?C 4 One problem
encountered with this process is that the oxygen inevitably present in the nitrogen 
reacts with the titanium to form a diffusion barrier. The oxygen level must be kept very 
low to prevent this reaction. The operating temperature needs to be high so that the 
nitrogen gas can dissociate sufficiently to act as a nitriding agent.

Figures 1 and 2 show the hardness profiles of nitrided layers formed on Ti-AI6-V4 at 
950?C and 1050?C respectively 5. It is quite obvious that increasing either the
processing time or the temperature has no significant effect on the layer depth or 
hardness in Ti-AI6-V4. Although it is known to do so in other titanium alloys 5, the
mechanism is not known. The effect obviously limits nitriding as a method of case 
hardening Ti-AI6-V4 in terms of both maximum case depth and maximum hardness. A 
typical microstructure of a nitrided case is shown in Figure 3.
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Figure 1 Hardness profiles of Ti-AI6-4V nitrided at 950?C
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Figure 2 Hardness profiles of Ti-AI6-4V nitrided at 10507C

Figure 3 The microstructure of Ti-AI6-4V after nitriding for 5 hours at 9507C

It has been found that a duplex treatment based on oxidation produces the best case 
properties in Ti-AI6-4V. The boost/diffuse oxidation treatment (BDO) produces a thick 
subsurface layer to support a thin, scuff resistant thermal oxidation (TO) surface layer6.

The BDO process, developed by Dong et al.7,8 , is analogous to vacuum carburising of 
steels. A huge over-potential of the desired addition element, in this case oxygen, is 
used to produce a highly concentrated surface layer that is then diffused into the 
substrate under vacuum. This method produces a case with the correct sigmoid shape 
not produced by conventional diffusion treatments, according to current claims. The TO 
treatment produces a thin rutile titanium oxide layer with a small oxygen diffusion zone.



This layer has good tribological properties but needs the support of the deeper BDO 
layer for higher stress applications.

While the BDO process works well, vacuum treatments are expensive. There are also 
significant control problems in the dual step oxidation/diffusion treatment. A small 
variation in the amount of oxide formed in the first step can cause a significant 
difference in the resulting hardness profile after the fixed diffusion time in vacuum. The 
process relies entirely on empirical control. In a gaseous diffusion process on the other 
hand the oxygen potential can be easily and directly controlled with, for example, a 
zirconia oxygen probe, making it relatively easy to produce consistent results for any 
desired profile shape. Therefore an alternative treatment more analogous to gas 
carburising was sought, using as source a controlled potential of the addition element in 
gaseous form.

Because titanium also reacts with nitrogen, argon has to be used as the carrier gas. It 
has been suggested that when oxygen/nitrogen mixtures (air) are used as the oxygen 
source, sufficient nitride is formed at the oxygen diffusion temperature (around 850?C), 
to reduce the diffusion of oxygen. To optimise the layer depth and profile the oxygen 
level needs to be as high as possible to produce the maximum diffusion rate but not so 
high as to form a continuous surface oxide film, reported to act as a barrier to diffusion .

The treatment would be carried out in an ambient pressure furnace under good control. 
It should therefore be simple to alter the composition of the atmosphere at the 
conclusion of the treatment so as to produce a consistent, non-porous rutile layer similar 
to that produced by the TO process. The duplex treatment would thus carried out in a 
single step rather than the three required by the BDO/TO combination, saving a 
significant amount of energy. The process using only argon - a totally inert gas - and 
oxygen would therefore be very environmentally friendly with no toxicity and no global 
warming effects.

Experimental

Materials

Ti-6AI-4V was selected as the test material as this alloy constitutes some 50-60% of the 
global titanium output. Samples of Grade 5 Ti-6AI-4V (25 mm x 50 mm x 3.2 mm) with 
a 600 grit surface finish were acquired. The chemical composition of the alloy is given 
in Table 1. Prior to treatment, each specimen was cleaned with 2% Alconox? aqueous 
detergent in an ultrasonic bath, rinsed in ethanol and dried in warm air. After cleaning, 
the specimens were weighed to an accuracy of ? 0.01 mg.



Table 1 - Chemical Composition of the Grade 5 Ti-6AI-4V Alloy

Element at%
AI 6.15
V 3.93
C 0.03
Fe 0.15
N 0.02
O 0.17
H 47 oom
Y <50 Dorn
Ti Balance

Test Apparatus

AH the thermal treatments were conducted in a high purity alumina tube furnace at a 
temperature of either 850?C or 9G0?C. During processing the atmosphere was
maintained at a constant inlet composition and a flow rate of 3000 cc/min by means of a 
MKS 647B Multi-Channel Gas Controller system. Two argon/oxygen sources were 
mixed to produce the correct atmosphere composition. The first mixture was “house” 
argon with less than 1 ppm oxygen. The second mixture was obtained from a certified 
premixed cylinder containing argon with 1040 ppm oxygen. The temperature was 
maintained with an external thermocouple and monitored with an internal thermocouple. 
Two samples were heat treated together and were held vertically in a specially 
manufactured holder to ensure uniform surface exposure. At the outlet side of the tube 
furnace, an oxygen analyser from Illinois Instruments, Model 2550, monitored the 
composition of the flowing gas.

Procedure

After weighing, two samples were inserted into the centre of the tube furnace in the 
specimen holder. Before heating, the tube furnace and samples were purged with 
house argon for one hour to reach a background level of less than 1 ppm residual 
oxygen in the system. This atmosphere was maintained during heating to 850?C or 
900?C. At the target temperature, the inlet gas composition was changed to the test 
atmosphere. Samples were treated in atmospheres containing oxygen in the range 1 to 
500 ppm for 24 hours at temperature. After the 24 hour period, the atmosphere was 
returned to 100% house argon while the furnace cooled to room temperature. In two 
cases, the atmosphere composition was further modified to a second oxygen level 
during the heat treatment period in an attempt to produce the duplex layers. These two 
tests took a total of 28 hours, 20 hours at the first oxygen level and 8 hours at the 
second. As a baseline, samples were treated in argon containing less than 1 ppm 
oxygen for 24 hours. After removal from the furnace, each sample was again weighed 
to an accuracy of ?0.01 mg.



Hardness and Microstructural Evaluation

The maximum surface hardness and depth of penetration were measured using a 
Vickers hardness traverse at 25 and 50 gram loads. The lower load was used primarily 
at the edge of the sample to eliminate the risk of cracking. Microstructural features such 
as case depth were observed by light microscopy, after etching in Kroll’s etchant (2% 
hydrofluoric acid in water).

X-Ray Diffractometry

After heat treatment, the surface oxide layer of one sample from some selected 
treatments was evaluated. A Philips X’Pert PRO Multi-Purpose Diffractometer 
operating at 40 kV and 50 mA was used. The 2-theta scan was from 20 to 100 degrees 
at a step size of 0.01 degree and a rate of 0.4 sec/step. The resultant data was 
analysed using Philip’s Analytical X’Pert Software to identify the observed peaks.

Results

The hardness profile of specimens heat treated at 850?C and 900?C in various oxygen 
concentrations are shown in Figures 4 and 5. The difference in the magnitude of 
hardening between the two heat treatment temperatures is obvious. The 900?C 
treatments produced a much higher surface hardness and resulted in a greater depth of 
penetration for an equivalent exposure time, as would have been expected from Pick’s 
Law.
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Figure 4 - Vickers hardness profile for samples treated at 850 ?C for 24 hours
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Figure 5 - Vickers hardness profile for samples treated at 900 ?C for 24 hours

The baseline treatment of 1 ppm of oxygen at 850?C, specimen 47, resulted in a very 
minor hardness increase at the surface and the depth of penetration was less than 75 
microns.

Figure 6 - Specimen 47, baseline sample, treated at 850?C for 24 hours



Figure 7- Specimen 41, treated at 850?C in 100ppm oxygen for 24 hours

Figure 6 shows the hardened alpha case for this specimen. In addition to the lack of 
significant hardening, only a slight surface scale was present. The average weight gain 
for the two specimens treated at this condition was only 0.35 milligrams.

Increasing the partial pressure of oxygen from 1 ppm to 3, 10 and 25 ppm significantly 
changed the maximum surface hardness and depth of penetration. An incremental 
increase from 1 to 3 ppm and again from 3 to 10 ppm of oxygen is clearly observed in 
Figure 4,. which shows the depth of penetration for the 10 ppm oxygen treatment. At 25 
ppm oxygen, no significant change in the hardness profile was measured, but Figure 8 
shows the greater depth of the alpha case when compared to the 10 ppm condition in 
Figure 7. The reason for this effect is unclear. The total average weight gain for the 
three conditions of 3, 10 and 25 ppm were 2.96 mg, 8.29 mg, and 18.44 mg 
respectively. The weight gain corresponded directly to the degree of surface oxidation 
and the depth of penetration observed.

Figure 8 - Specimen 39, treated at 850?C in 25 ppm oxygen for 24 hours



Figure 9 - Specimen 39, treated at 850?C in 500 ppm oxygen for 24 hours

The highest oxygen concentration in argon (500 ppm) produced a heavy oxidation layer 
in addition to the surface hardening. On removal from the furnace a good portion of the 
oxide scale spalled off from the specimens. This significant oxide coating appears to 
have reduced the amount of oxygen penetration by acting as a diffusion barrier. In both 
the hardness profile (Figure 4) and the etched microstructure shown in Figure 9, the 
depth of penetration is clearly less than that observed for both the 10 and 25 ppm 
conditions. This combination of surface condition and hardness profile was not 
considered useful.

None of the samples heat treated at 850?C had either the maximum case depth or the 
hardness profile required for maximum performance. Typically the case depth was no 
more than 125 microns compared to the -250 microns reported to give good wear 
characteristics 7

Figure 10- Specimen 39, treated at 900 ?C in 25 ppm oxygen for 24 hours, note 
surface internal oxidation.
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Figure 11 - Specimen 25, treated at 900 ?C in 500 ppm oxygen for 24 hours, note 
surface internal oxidation

The heat treatments at 900?C produced an improved depth of penetration and the 
desired surface oxide was formed. Five oxygen concentrations were evaluated at this 
temperature. The hardness profiles obtained for oxygen concentrations of 25, 50, 100, 
200, and 500 ppm in Figure 5 show that, for these conditions, the depth of penetration 
was greater than 250 microns. The maximum hardness obtained exceeded 1000 Hv 
under some conditions.

Figure 12- Specimen 29, treated at 900 ?C in 100 ppm oxygen for 24 hours



Figure 13 - Specimen 28, treated at 900 ?C in 200 ppm oxygen for 24 hours

The microstructures for these samples showed that undesirable internal oxidation had 
occurred in some specimens. Specimens 38 and 25 in Figures 10 and 11 illustrate this 
surface effect. A possible explanation is that 900?C is close to the transition 
temperature at which this type of oxidation occurs and that slight changes in 
temperature at the sample surface caused in this effect. Oxygen concentrations 
between 25 and 500 ppm did not form internal oxides. Figures 12 and 13 for 100 and 
200 ppm of oxygen clearly show the depth of hardening was twice that observed for the 
850?C heat treatments. The surface layer was essentially 100% alpha slowly changing 
to the alpha-beta microstructure as the depth increased.

Heat treatment at 500 ppm again produced a spalled surface oxide, an unacceptable 
condition for an engineering component. The 100 and 200 ppm surfaces were fairly 
uniform and adherent and no spalling occurred after removal from the furnace. The 
weight gains for the 900?C treatments were significantly greater than those observed for 
the 850?C treatments. The average gains were 21.7 mg at 25 ppm; 58.1 mg at 50 ppm; 
68.4 mg at 100 ppm; and 85.0 mg at 200 ppm. Based solely on the surface films 
produced and the depth of penetration, this increase in weight was within the expected 
range.
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Figure 14 Hardness profiles for double treatments at 900?C

Two double treatments were conducted to evaluate the effect of a more oxidising 
condition (100 ppm oxygen) in combination with a less oxidising condition (10 ppm 
oxygen). The hardness profiles for these treatments (specimens 21 and 24) are shown 
in Figure 14. Each of these treatments had a total exposure time of 28 hours compared 
with the 24 hours for the single treatments. The 10 ppm followed by 100 ppm condition 
produced a more uniform depth of penetration with a consistent hardness over the first 
75 microns. Figure 15 shows that the total penetration was as deep with this treatment 
as with the single treatments for 24 hours (Figure 15). The surface oxide was adherent 
and uniform with a weight gain of 37.5 mg.

Figure 15- Specimen 24, treated at 900 ?C in 10 ppm oxygen for 20 hours followed 
by 8 hours at 100 ppm oxygen.



I
Figure 16 - Specimen 21, treated at 900?C in 100 ppm oxygen for 20 hours 
followed by 8 hours at 10 ppm oxygen.

The second double treatment of 100 ppm followed by 10 ppm (Figure 16) produced an 
extremely hard surface and an enhanced depth of penetration. It is believed that the 
lower partial pressure reduced some of the scale formed during the initial 100 ppm 
exposure and allowed the oxygen to penetrate further. This treatment produced the 
greatest depth of hardening. The average weight gain for these two samples was 62.1 
mg, just less that that observed for the single 24 hour 100 ppm treatment (68.4 mg).

The X-ray diffraction data revealed that some treatments did produce rutile titanium 
oxide, on the surface of the specimens. The single treatments at 900?C of 100 ppm and 
200 ppm oxygen resulted in a rutile scale on top of the alpha case. The treatment at 
850?C and 10 ppm, which resulted in only a visible a surface haze, did not exhibit any 
discernible surface oxides. However, examination of this sample showed that the alpha 
peaks were shifted due to the interstitial oxygen in the hexagonal close packed lattice. 
This shift made identifying the alpha peaks in other samples easier. Originally these 
shifted peaks were thought to have been the non-stoichiometric nitrides, TiNo.26 or 
TiNo.ao-

Two of the double treatment specimens (22 and 23) were examined and found to have 
very little rutile titanium oxide on their surfaces. Specimen 23, 20 hours at 10 ppm and 
8 hours at 100 ppm, was visually the same as the single treatment 100 ppm specimen 
but only a small amount of rutile was detected. Other oxides, Ti203 and TI9O17, were 
more predominant. This result suggests that 8 hours at 100 ppm oxygen is too short to 
form a uniform rutile scale. Specimen 22, 20 hours at 100 ppm and 8 hours at 10 ppm, 
showed no rutile scale at all. The scale was a mixture of non-protective titanium oxides. 
Clearly the reduced 10 ppm oxygen level prevented the formation of surface rutile 
titanium oxide that was found after treatment at 100 ppm. Visually this specimen 
appeared to have a different scale; light grey compared to dark blue-grey on the other 
samples. Although this treatment produced the greatest depth of penetration, the 
surface scale was not ideal for engineering applications.



Discussion

it has been suggested that 24 hours of exposure at 850?C in air should produce oxygen 
penetration to a depth of -150 ?m 6i 8. This work shows that this depth of penetration 
was approached at oxygen concentrations considerably lower than that in air. A 
maximum of 125 microns of penetration, in terms of alpha-case, was produced with only 
3 ppm oxygen.

At 90Q?C a much deeper alpha case was observed. Under all conditions, hardening 
was observed to a depth of 250 microns. This result is consistent with the work of 
Welch and Kahveci 9, which predicts a depth of penetration of -225 ?m. The two 
double treatments are in excellent agreement with this work which would predict 
hardening to a depth of-250?m.

The formation of internal oxides near the surface was a surprise, but it does indicate 
that 900?C is at the boundary of where this precipitation occurs. The probable 
explanation is that the initial interaction of the oxygen with the titanium releases some 
heat and increases the temperature locally at the surface. Because of this effect, 900?C 
is likely to be the absolute upper limit of temperature and commercial treatments would 
have to use a slightly lower temperature or closely monitor the component temperature 
to eliminate the risk of internal oxidation.

It has been shown that a thin (-2 ?m) rutile oxide layer on titanium enhances the 
tribological qualities of the surface8,10, and that the rutile oxide layer in combination with 
an oxygen diffusion layer improves them still further 6. Exposed to an atmosphere 
containing 5000 ppm oxygen for 20 minutes titanium forms a uniform dense oxide layer 
1.2 ?m thick at 800?C and 10 ?m thick at 900?C 11. The single 900?C treatments at 
oxygen concentrations of 100 ppm and 200 ppm oxygen resulted in a rutile surface after 
24 hours of exposure. The double treatment that ended with 8 hours at 100 ppm only 
formed a small amount of rutile indicating that extended times are required to obtain the 
equilibrium oxide of rutile. Based upon the X-ray analyses, the two double treatments, 
although producing an excellent alpha-case, are not effective in forming the desired 
duplex surface. It may be expected that modifying the atmosphere to the oxygen 
composition of air for the last 20 minutes of treatment at 850?C would produce a rutile 
layer of the correct thickness over the alpha case produced at 900?C.

Conclusions

Environmentally friendly treatments carried out in argon/oxygen mixtures can produce 
the type of rutile surface oxide supported by an oxygen diffusion case in titanium alloys 
which is reported to give the optimum wear characteristics. The maximum depth of 
hardening was 125 ?m at 850?C and 250 ?m at 900?C. These results are consistent 
with prior literature for oxygen hardening titanium in oxygen containing environments.

A rutile scale formed on the Ti-6AI-4V at oxygen concentrations of 100 and 200 ppm 
after 24 hours of exposure. Eight hours at 900?C in 100 ppm oxygen formed only a 
small amount of rutile. Heat treating a rutile coated specimen for 8 hours in a less 
oxidising environment, such as 10 ppm oxygen, resulted in a non-rutile surface oxide.



At temperature at or just above 900?C internal oxidation takes place during 24-hour
exposures. The use of staged treatments showed promise but further work is required
to optimise the processing parameters
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0 Heat treatment of metals.

0 A metal less readily oxidisable than iron is annealed in an atmosphere that is formed by separating (in for 
example a pressure swing adsorption apparatus 2) nitrogen from air to form a gas mixture comprising at least 
95% by volume of nitrogen and a minor proportion of oxygen impurity, and then reacting the oxygen impurity 
with hydrogen in a catalytic reactor 4. The resulting atmosphere, which is admitted to an annealing furnace 6, 
comprises nitrogen, hydrogen and water vapour.
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HEAT TREATMENT OF METALS

This invention relates to the heat treatment of metals. In particular, it relates to the heat treatment of 
metals which are less readily oxidisable than iron. Such metals include cobalt, nickel, lead, copper, 
palladium, silver and gold, alloys of such metals, and alloys of mercury.

In manufacturing articles made of metals less oxidisable than iron, it is typically desirable to subject
s such articles to the step of annealing. Although the articles are relatively difficult to oxidise, it is still

nonetheless necessary to maintain a reducing or non-oxidising atmosphere in the furnace used to perform 
the annealing operation. It is known that in theory nitrogen may be used to form an atmosphere that is inert 
for tiie purposes of annealing. Typically, the nitrogen may be supplied from a source of nitrogen which has 
been separated from air by distillation at cryogenic temperatures and need only contain parts per million of 

io reactive impurities such as oxygen. Such nitrogen can be used in a heat treatment shop as the atmosphere 
for a range of different heat treatments. In recent years, it has been Found that there are certain economic 
advantages in producing the nitrogen on the site of its use by non-cryogenic means rather than off-site by a 
cryogenic distillation process and then transporting the nitrogen product to its site of use. There are two 
main ambient temperature methods which may be used to separate nitrogen from air. The first is by

is pressure swing adsorption which entails adsorbing oxygen from the air on an adsorbent to produce a
nitrogen product and then periodically regenerating the adsorbent Dy subjecting it to a pressure lower than 
that at which adsorption takes place. The alternative method is to separate air by means of semi-permeable 
membranes. Known semi-permeable membranes suitable for the separation of air permit oxygen to diffuse 
through them at a much more rapid rate than nitrogen with the result that the non-pemneate gas becomes 

so enriched in nitrogen.
Such non-cryogenic methods are able to be used to produce a nitrogen product containing in the order 

of 1 % by volume of oxygen more cheaply than cryogenic methods may be used to separate nitrogen from 
air, provided the cost of transporting the cryogenically produced nitrogen to its site of use is taken into 
consideration. For many industrial processes the fact that the non-cryogenically produced nitrogen contains 

25 in the order of 1% of oxygen as an impurity is not a drawback. However, we have found that in the 
annealing of metais less readily oxidisable than iron, such an oxygen concentration is indeed a drawback. 
Although at first sight it may be thought that a suitable annealing atmosphere may be produced by mixing 
hydrogen with the non-cryogenically produced nitrogen, in for example the annealing of copper, which takes 
place at temperatures of 400 to 800 C, the reaction between hydrogen and oxygen proceeds sufficiently 

so slowly at temperatures in at least the lower part of this temperature range for there to be a substantial risk 
that oxidation of the copper will still take place notwithstanding the addition of a stoichiometric excess of 
hydrogen to the atmosphere.

It is known to purify nitrogen containing about 1 % by volume of oxygen by subjecting it to a process in 
which the oxygen is first catalyticaliy reacted with hydrogen and then the resulting water vapour is adsorbed 

as by means of an adsorbent or getter. The reliance on an adsorption step to purify the nitrogen requires the 
use of a kind of apparatus in which there are two parallel adsorption stages, one of which is used while the 
other is regenerated, so as to make possible continuous production of the purified gas. The need for the 
adsorption stage adds considerably to the capital and running cost of the apparatus and tends to eliminate 
the economic advantage that would otherwise result from the production of nitrogen on-site by non* 

40 cryogenic means.
There is thus a need for a method and apparatus of annealing articles of metal less oxidisable than iron 

which renders the use of non-cryogenically produced nitrogen containing an appreciable quantity of oxygen 
impurity attractive from the economic point of view.

According to the present invention there is provided a method of annealing an article of a metal less 
45 oxidisable than iron, comprising the steps of subjecting the article to an annealing temperature in a heat 

treatment furnace, separating nitrogen from air at the site of the annealing furnace to produce a gas mixture 
containing at least 95% by volume of nitrogen and a minor proportion of oxygen impurity, catalyticaliy 
reacting the oxygen impurity with a stoichiometric excess of hydrogen to form water vapour, and passing 
the resulting gas mixture comprising nitrogen, water vapour and unreacted hydrogen into the furnace to 

so create an annealing atmosphere.
instead of using a stoichiometric excess of hydrogen the precise stoichiometric amount of hydrogen as 

required by the reactions:
2H2 + 02 -> 2H20
may be employed. Accordingly the resulting gas mixture then contains no oxygen and no hydrogen.

The invention also provides apparatus for annealing an article of a metal lass oxidisable than iron

2
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comprising an annealing furnace, means for separating a gas mixture comprising at least 95% by volume of 
nitrogen and oxygen impurity from air, and a catalytic reactor for catalytically reacting the oxygen impurity 
with a stoichiometric excess of hydrogen to form a gas mixture comprising nitrogen, water vapour and 
unreacted hydrogen, wherein said reactor has an outlet in communication with the annealing furnace so as 

5 to enable a suitable annealing atmosphere to be created in the furnace.
The method and apparatus according to the invention are particularly suited for the bright annealing of 

the metals iess oxidisable than iron.
Preferably, the nitrogen product contains 0,5-3% by volume of oxygen upstream of its catalytic reaction 

with hydrogen. In general only a small if any stoichiometric excess of hydrogen is required. For example, in 
jo the bright annealing of copper at a temperature in the order of 600* C, suitable annealing conditions can be 

maintained provided that the ratio of tire partial pressures of hydrogen to water vapour in the annealing 
atmosphere does not fall below 1 x ID-6.

The catalytic reaction preferably takes place over a platinum or palladium catalyst. Alternatively, copper 
or nickel catalysis may be used. The catalyst is typically heated by the reaction between hydrogen and 

75 oxygen to a temperature of up to 200' C.
The method and apparatus according to invention will now be described by way of example with 

reference to tire accompanying drawings, in which
Figure 1 is a schematic diagram of apparatus for the bright annealing of copper, and 
Figure 2 is a schematic drawing illustrating apparatus according to the invention including a 

20 continuous mesh belt furnace.
In Figure 1 of the drawings, there Is shown a plant 2 for separating nitrogen from air by pressure-swing 

adsorption. Suitable plants and apparatus for this purpose are for example disclosed in Patent Specifica
tions 2073043A and UK 2195097A. The resulting nitrogen typically contains from 0.5 to 3% by volume of 
oxygen impurity. The nitrogen stream is passed through a catalytic reactor 4 in which its oxygen impurity is 

25 reacted with a small stoichiometric excess of hydrogen over a palladium or platinum catalyst at a reaction 
temperature. The resulting gas mixture comprises nitrogen, hydrogen and water vapour. It is admitted to the 
heat treatment furnace 6 which may be of a batch or continuous kind in which an article made of copper or 
an alloy of copper such as bronze, copper-nickel, or brass containing up to 15% by weight of zinc, is 

• annealed by immersion in an annealing atmosphere at a temperature of 400'-800*0 tor a period of time 

ao typically in the order of 10 minutes to 2 hours. By maintaining the ratio of the partial pressure of hydrogen 
to the partial pressure of water vapour in the atmosphere and hence in the nitrogen supplied from the 
catalytic reactor 4 at a value not iess than 1 x 10~E It is possible to maintain conditions in the atmosphere in 
which the copper is not deoxidised. Therefore its bright surface is maintained during the annealing.

Referring to Figure 2 of the drawings, there is shown a conventional continuous mesh belt furnace 10 
35 having an inlet zone 12, 1 metre in length, a hot or heated zone 14, 5.67 metres in length, and a cooling 

zone 16, 6.86 metres in length. The furnace 10 is provided at its respective ends with baffles 18 or the like 
to impede the ingress of air from outside the furnace into its interior. The hot zone 14 and the cooling zone 
16 have respectively inlets 20 and 22 for gas.

The inlets 20 and 22(are each alternatively able to be placed in communication for source 24 of gas 
40 mixture comprising hydrogen, water vapour and nitrogen. The source 24 comprises a plant 26 for 

separating nitrogen from air by pressure swing adsorption, and a catalytic reactor 28 for reacting oxygen 
impurity in the nitrogen with hydrogen, A commercially available catalyst comprising palladium supported 
on alumina is used. Typically, the catalyst is heated by the reaction between hydrogen and oxygen and the 
gas mixture leaves die reactor 28 at a temperature in the range of 50 to 150* C.

45 In operation, a gas mixture comprising nitrogen, water vapour and hydrogen from the catalytic reactor 
28 is passed into the furnace 10 through either or both the inlets 20 and 22. The hot zone 14 is heated to a 
chosen temperature typically in the range 500 to 800* C. Copper work to be bright annealed is loaded onto 
the belt (not shown) of the furnace and the belt is then advanced slowly through the furnace at a speed 
such that the work typically has a residence time in the furnace of from 30 minutes to 1 hour. As the work 

50 passes through the hot zone 14 so It is raised approximately to the temperature of the hot zone 14. On 
leaving the hot zone 14 the work passes into the cooling zone 16 in which it is cooled by contact with the 
relatively cold atmosphere therein. Typically, the work is at a temperature between ambient and 50* C when 

it leaves the furnace 10. By employing an atmosphere in accordance with the invention, it can be ensured 
that bright annealed work leaves the furnace 10.

55 A number of experimental tests of the apparatus shown in Figure 2 were performed. The results of the 
tests are set out in Tables 1 to 4 below.

Table 1 shows the results of comparative experiments in which various different proportions of 
hydrogen were mixed with nitrogen from a PSA plant (0.5% oxygen impurity) and the resulting mixture
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passed into the furnace without a catalytic reaction between hydrogen and oxygen being performed. It was 
a feature of the furnace used that entry to the hot zone was by way of a muffle made of an alloy with high 
nickel and chrome content which had the property of acting as a getter for free oxygen. Accordingly, it was 

found that substantially all the oxygen entering the furnace with the gas mixture was removed therefrom. It 
was therefore possible to obtain bright work (at 750 C) even when the oxygen level was nominally in 
excess of the stoichiometric requirement for reaction with hydrogen. Results are given in Table 1 for the 
oxygen concentration, hydrogen concentration and dew paint in both the hot zone 14 and the cooling zone 
16 of the furnace 10 at the different hydrogen levels.

The results set out In Table 2 relate to a set of experiments similar to those of Table 1 save that the 
mixture of nitrogen, oxygen and hydrogen was reacted in the catalytic reactor 28 upstream of being 
admitted to the hot zone of the furnace through the inlet 20.

The Experiments illustrated in Table 3 and 4 are respectively comparable to those set out in Tables 1 
and 2 with the exception that the gas mixture is not introduced directly into the hot zone 14 through the 
inlet 20. Rather, it is introduced directly into the cooling zone 16 through the iniet 22. Table 3 shows 
experiments in which the gas mixture by-passed the catalytic reactor 28, whereas Table 4 relates to 
experiments in which the catalytic reactor was used. The low dew points obtained in the experiments 
illustrated by Table 3 indicate that when the gas mixture is supplied directly to the cooling zone, a failure to 
react the oxygen with at least a stoichiometric quantity of hydrogen in the catalytic reactor 28 will tend to 
result in work that is not bright even if the hot zone is ooerated at a temperature as high as 750 ’ C.

It must be further borne in mind that if there is used a furnace 10 which does not have a muffle that 
acts^ as a getter for oxygen and if the hot zone 14 is operated at a temperature substantially lower than 
750 C, there is a substantial risk that copper work will not be given a bright finish.

TABLE 1

H2/O2/N2 MIXTURE ADMITTED DIRECTLY INTO HOT ZONE

He ADDITION ZONE (H = HOT; ATMOSPHERE COMPOSITION
(% BY C = COOLING)
VOLUME)

o2 h2 DEW
POINT
fc>

0.7 H 910mV 0% -6
C 875mV 0% -26j

1.45% H 880mV 0.07% + 6
C BBOmV 0.1 % -61

2.05 H 915mV 0.7 10
C 930mV 0.65% + 6

2.6 H 935mV 1.25% + 9
C 945mV 1.3% + 9

3.15 H 955mV 2.2% +101
C 955mV 2.1 91

3.9 H 965mV 2.5% + 10
C 965mV 2.6% + 10l

4.25 H 975mV 3.1 % + 10j
C 970mV 3.1 % + 11

4



EP 0 404 496 A1

TABLE 2

H2/02/N2 MIXTURE CATALYTICALLY REACTED UPSTREAM OF 
ENTRY INTO HOT ZONE

H2 ADDITION ZONE (H = HOT; ATMOSPHERE COMPOSITION
(% BY C = COOLING)
VOLUME)

o2 Hz DEW
POINT
(’C)

- H 715mV - ■21a
- C 4Gppm - -29
0.7 H 865mV 0% + 3

C 845mV 0% -27
1.45 H 845mV 0% + 10

C 860mV 0% 0
2.05 H 845mV 0.15% + 15

C 860mV 0.2% + 12
2.6 H 910mV 0.95% + 14

C 920mV 1.2% + 10
3.15 H 950mV 1.9% + 11

C 950mV 2.05% + 12J
3.9 H ' 965mV 2.5% + 12

C 960mV 2.6% + 12
4.25 H 970mV 3.15% + 12

C 970mV 3.1% | +'1'l2

30

TABLE 3

H2/02/N2 MIXTURE ADMITTED DIRECTLY INTO COOLING ZONE

Hz ADDITION ZONE (H = HOT; ATMOSPHERE COMPOSITION
{% BY C a COOLING)
VOLUME)

Oz Hz DEW
POINT
<*c>

- H 4ppm 0% -21
- C 400Qppm 0% -31*
0J H 78GmV 0% + 3

C 75ppm 0.45% -29
1.45 H 850mV 0.15% +9z

C 560mV 1.05% -24
2.05 H 930mV 0.75%

C 900mV 1.55% -16
2.6 H 945mV 1.4% . +7

C 930mV 2.55% -12*
3.9 H 975mV 2.65% + 7

C 955mV 3.4% 12*
4.25 H 980mV 3.3% + 6

C 960inV 4.2% -12*
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TABLE 4

H2/02/N2 MIXTURE CATALYTICALLY REACTED UPSTREAM OF ENTRY 
INTO COOLING ZONE

Hz ADDITION 
{% BY
VOLUME)

ZONE (H = HOT;
C « COOLING)

ATMOSPHERE COMPOSITION

02 Hz DEW
POINT
f'C)

- H 4ppm - -24
- C 4500 ppm - -36
0.7 H 815mV 0% +6

C 950ppm 0% -32i
1.45 H 825mV 0% + 13;

C 880mV 0.2% 0
2.05 H 895mV 0.55%

C 920mV 0.7% + 7
2.6 H 935mV 1.5% + 10^

C 945mV 1.65% + 8
3.15 H 960mV 2.3% + 10

C 960mV 2.2% + 82
3.9 H 970mV 3.1% + 10

C 970mV 3.2% + 8
4.25 H gaomv 3.65% + 8^

C 980mV 3.7% + 8

NOTE

Oxygen concentrations were measured using an oxygen probe. The temperature of the gas from the 
hot zone at the sampling point was 750° C: the temperature of the gas from the cooling zone at the 
sampling point was 200* C. Most results are shown in Millivolts (mV). The actual oxygen concentration can ' 
be calculated using the formula 
E = 0.0215.T. logB (20.957% Cfe) 
where
E is the oxygen probe reading in mV 
T is the temperature in Kelvin at the oxygen probe location.
%Oz is the concentration of oxygen expressed as a percentage by volume.

Claims

1. A mefhod of annealing an article of a metal less oxidisable than iron, comprising the steps of 
subjecting the article to an annealing temperature in a heat treatment furnace, separating nitrogen from air 
at tiie site of the annealing furnace to produce a gas mixture containing at least 95% by volume of nitrogen 
and a minor proportion of oxygen impurity, catalytically reacting the oxygen impurity with a stoichiometric 
excess of hydrogen to form water vapour, and passing the resulting gas mixture comprising nitrogen, water 
vapour and unreacted hydrogen into the furnace to create an annealing atmosphere.

2. A method of annealing an article of a metal less oxidisable than iron, comprising the steps of 
subjecting the article to an annealing temperature in a heat treatment furnace, separating nitrogen from air 
at the site of the annealing furnace to produce a gas mixture containing at least 95% by volume of nitrogen
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and a minor proportion of oxygen impurity, catatyticaliy reacting the oxygen impurity with a stoichiometric 
quantity of hydrogen to form water vapour, and passing the resulting gas mixture comprising nitrogen and 
water vapour into the furnace to create an annealing atmosphere.

3. A method according to Claim t or Claim 2, in which the nitrogen product contains 0.5-3% by volume 
of oxygen upstream of its catalytic reaction with hydrogen.

4. A method according to any one of the preceding claims, in which the catalytic reaction takes place 
over a platinum or palladium catalyst.

5. A method according to any one of the preceding claims, in which the metal is cobalt, nickel, lead, 
copper, palladium, silver or gold, or an alloy of at least one of such metals, or as alloy of mercury.

6. A method according to any one of the preceding claims, in which the metal is bright annealed.
7. A method according to any one of the preceding claims, in which the resulting gas mixture is 

introduced directly into the cooling zone of a continuous furnace.
8. Apparatus for annealing an article of a meta! less oxidisable than iron comprising an annealing 

furnace, means for separating a gas mixture comprising at least 95% by volume of nitrogen and a minor 
proportion of oxygen impurity from air, and a catalytic reactor for catatyticaliy reacting the oxygen impurity 
with a stoichiometric excess of hydrogen to form a gas mixture comprising nitrogen, water vapour and 
unreacted hydrogen, wherein said reactor has an outlet in communication with the annealing furnace so as 
to enable a suitable annealing atmosphere to be created in the furnace.

9. Apparatus according to claim 8, in which the catalytic reactor includes a platinum or palladium 
catalyst.

7
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Cryogenics improve the heat treatment of steels

P F Stratton

There are a number of industrial processes which take advantage of property changes which 
certain materials undeigo at sub-zero temperatures; namely, shrink fitting, rubber deflashing, 
scrap fragmentation and transformation of retained austenite. Extensive use of the latter has 
been made for many years in case hardening steels such as En36 (832 H13, 655 H13) and En 
39 (835 HI5); in hardening tool steels such as M-2 and D-2; and hr stabilisation of 
components which are to be exposed to significant temperature changes during their operating 
life particularly for the aerospace and roll making industries. Additionally the benefits of deep 
cold treatment for tools have also been known for some yearstlJ. However, the 
inconsistencies experienced by its users has limited its acceptance by industry in general, hr 
addition to explaming the benefits of Are more conventional sub-zero treatments this article 
elucidates a new theory of the wear resistance improvement produced by deep cold treatment 
and suggests how it may be applied to eliminate the process’s inconsistencies.

Sub-zero treatment

Hie mechamcal properties of steels, such as hardness, toughness, wear resistance, tensile and 
compressive strength, and dimensional and microstnictural stability, are a function of 
composition and heat treatment In order to produce the very high hardness and wear 
resistance that is required in tools, dies and alloy steel gears, it is necessary to produce a 
unifonn martensitic structure with a fine distribution of carbide precipitates. Conventionally this 
involves a lengthy and expensive heat treatment cycle with several tempering operations. Most 
of these tempering operations can be eliminated by Are use of sub-zero treatment

During quenching of steels from Are austenitising temperature, martensite begins to form at Are 
Ms temperature. This temperature is mainly dependent on Are alloy content of Are steel and 
may be approximately calculated from equafion [1](2); for tool steels it is in Are range 200°C- 
300°C.

Ms = 539-(423*%C)-(30.4*%Mn)-(12. l:f:%Cr)-(17.7-1:%Ni)-(7.5;li%Mo) °F [1]

Hre transfomrafion continues until Are martensite finish temperature (Mf) is reached. The Mf 
temperature, which is dependent on alloy composition, may be below room temperature, 
resulting in high levels of retained austenite when cooling to ambient temperature only.

The combination of har d martensite and very soft austenite is usually unacceptable. As well as 
the reduction hr overall hardness, retained austenite also affects Are machinability of the steel 
and there is a propensity to grind cracking caused by sfress transformation taking place during 
Are process. Hrere is also an inherent dimensional instability due to the 4% volume change as 
the austenite transforms during use or storage, particularly where either involve significant 
temperature excursiorrs. It is Arerefore necessary to have some mearrs of fidly transforming 
retamed austerrite. This can be achieved either by tempering or by sub-zero quenching.



The tempering option involves heating above the Ms temperature then cooling back to ambient 
up to six times. This treatment is suitable for high speed steels as they retain their hardness 
with tempering temperatures up to 550°C. However, it is often a very long treatment and five 
hours per temper is not uncommon. Should the case of a component made from a carburised 
steel contain unacceptable quantities of retained austenite then tempering cannot be used to 
transform it as the case hardness begins to fall significantly above 18(TC.

In the sub-zero option, quenching is continued to a point below the Mt temperature completely 
transforming the retained austenite to martensite. As the austenite to martensite transformation 
is a shear reaction and is thus dependent upon temperature but not time, it is only necessary to 
hold below the Mf for a short time to ensure that the component is equalised. With most steels 
cold treatment should take place within one hour after hardening as the austenite tends to 
stabilise with time and becomes more difficult to transform. Notable exceptions to this rule are 
carburised steel and other low alloy high carbon steels. The treatment must be followed by a 
tempering cycle, as must any cold treatment cycle, to ensure that there is no brittle, 
untempered martensite present when the part is put into service. Thus, in many cases, the sub
zero option not only results in a better component but in decreased processing time.

Equipment for sub-zero treatment

FLOATING THERMOCOUPLE 
CONNECTION POINT

PRESSURE RELIEF 
VALVE DISCHARGE

CONTROLLER

Figure 1. Schematic of the BOC Gases Ellenite cold treatment chamber.



At the wanner end of cryogenic treatment, solid carbon dioxide systems can be employed but 
are limited to a minimum of -78°C. Systems based on liquid nitrogen (-196°C) as the source 
of cold are more flexible and cover a laiger temperature range. The Ellenite1 M sub-zero 
cabinet*3', which has been developed by BOC Gases to take advantage of this flexibility, is 
shown diagrammatically in Figure 1. The Ellenite equipment is designed to be capable of cold 
treating laige commercial batches or individual components to produce consistent and 
reproducible results. To achieve this aim it is necessary to avoid thermal shock, to provide 
uniform cooling and to control the temperature accurately. Therefore in the Ellenite unit the 
metal to be treated does not come into direct contact with liquid nitrogen and the cooling is 
carried out with cold gas. This system can reach and maintain any temperature down to - 
150°C.

1 400

Austenitising temperature

Conventional treatment

Sub-zero treatment

0.01 0.03 0.1 0.3 1 3 10 30

Time (hours)

Figure 2. A conventional hardening and tempering cycle (solid line) and a sub-zero treatment 
(dotted line) superimposed on the isothermal transformation diagram for M-2 high speed tool 
steel.

Deep cold treatment

As described above conventional sub-zero treatments are typically carried out at temperatures 
in the range -80°C to-120°C which is sufficient to transform fully any austenite retained in the 
quenched microstructure. However, more recent evidence has shown that beneficial effects 
on tool life are enhanced by treatment at even lower temperatures, such as those possible 
using liquid nitrogen at -196°C Since 1965, when commercial deep cryogenic treatments first 
became available, a number of reports have been published showing the improved 
performance of some tools treated in this way.

It has been reported that some machine elements, such as slitting blades used in paper cutting, 
have lasted six times longer after deep cryogenic treatment*4'. Punches, stamping dies, and 
taps have also shown significant improvement (Table 1). Another advantage of deep



cryogenic treatment over surface treatments aimed at increasing wear resistance such as 
chromium plating titanium nitride coating or nitriding is its ability to change the entire structure 
of tire tool, not just its surface. Therefore die benefits cannot be negated by subsequent 
finishing operations or regrinds.

Table 1.

Application Typical maximum 
percentage increase 
in tool life

Hot work punches 600
Rotary shear1 blades 600
Paper slitter blades 600
Punches 500
Slitter knives 400
Stamping dies 400
M-2 cutting tools 400
HSS taps 300
Side trimmers 300
Broaches 300
Chopper knives 250
Bandsaws 250

Unfortunately, however, to date its effectiveness on any given type of tool has been 
inconsistent^. Several research projects have tailed to find die mechanism involved in die 
improvement in wear and consequently explain die inconsistency. However, some recent 
work has proposed a mechanism which may suggest a solution to the problem(6,7).

Deep cold mechanism for wear resistance improvement

The effects of deep cryogenic processing are seen as occurring in several stages. In the first 
stage, down to -130°C, transformation of retained austenite occurs in exactly the same way as 
in conventional sub-zero treatment resulting in increased hardness. However, a recent study 
has shown that the lattice parameters of die martensite formed are different from that formed in 
conventional treatments which may well account for its subsequent lack of response to 
extended exposure to deep cold temperaturest8). As in the conventional treatment die 
transformation is not time dependent In the second stage, which occurs at deep cryogenic 
temperatures (typically -196°C), there is a time dependent decomposition of die primary 
martensite. This decomposition leads to some initial softening but nucleates additional sites for 
the formation of carbides during die subsequent tempering operation. The resultant fine 
carbides are the basis of the increased wear resistance of the treated tools(1,8).

It is suggested, however, tiiat this decomposition only occurred in die primary martensite and 
not in that witii the higher c/a ratio produced by the transformation in the first stage. This 
mechanism is the key to die inconsistency of die results. If a component initially has a high



retained austenite level then the transformation in the first stage will dramatically increase the 
hardness and hence the wear resistance compared with the original state. If a component has 
only a low retained austenite level then the carbide formation engendered by the second stage 
would also dramatically increase the wear resistance compared to its original state. However, 
for some intemiediate conditions tire effects of neither would be sufficient to produce a 
significant improvement, hence tire inconsistent results. It has been reported that M2 which 
has been deep cryogenically treated twice improves further after the second treatment, 
supporting this view1 2 3 4 5 6 7 8 (9).

The solution is therefore to double cryogenically treat the tool; first to transfonn the retained 
austenite and second to fonn the fine carbides required for high wear resistance. Such a 
tr eatment could easily be performed in today’s programmable deep cryogenic processors. As 
it has been demonstrated that tire decomposition of the primary martensite is time dependent 
such that the longer tire deep cryogenic treatment the more nucleation sites are formed and 
hence the finer the carbides, it is recommended that a minimum treatment time of 24 hours at - 
196°C is used. Further work is planned to prove the theory including cooling to lower 
temperatures and for longer times.

The Cryotough process

In the BOC Gases’ Cryotough process tools placed in a specially constructed tank are treated 
using liquid nitrogen as fire refrigerant Hie liquid nitrogen is supplied by BOC Gases either via 
small portable storage containers or larger static vacuum insulated vessels. The whole process 
cycle is automatically contr olled to increase consistency and reproducibility. In addition to its 
deep cold capability fire unit also incorporates a temper/stress relief facility up to 150 °C. This 
releases fire heat treater’s furnaces for alternative applications and also allows tool users the 
liberty of applying liquid nitrogen temperature treatments prior to subjecting the components to 
service.

As a replacement for the currently used processing route a new eight stage process following 
the conventional austenitise and quench, which should eliminate the inconsistency problem, is 
as foUows:-

1. Slow cool to -140°C (~30 °C /hour) in gaseous nitrogen to avoid thermal shock.
2. Soak at - 140°C for a short time to transform all the retained austenite.
3. Recover slowly to room temperature, avoiding thermal shock
4. Low temperature stress relief (~150°C).
5. Slow cool to -196UC (~30 °C /hour) in gaseous nitrogen to avoid thermal shock.
6. Soak at -196°C for 24 hours to nucleate the fine carbide structure.
7. Recover slowly to room temperature, avoiding themial shock.
8. High temperature temper to precipitate fine wear resistant carbides.

Summary

Sub-zero treatment can be of benefit in many metallurgical operations in terms of both the cost 
and fire quality of that operation. A new approach to solving the problems associated with the



inconsistencies experienced in deep cryogenic treatment lias been suggested which should
enable tool users to gain die undoubted benefits of this treatment
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Deep cold treatment of steels

There are a number of industrial processes that use the application of cold to achieve the desired 
results. Among these are shrink fitting, rubber deflashing, scrap fragmentation and transformation 
of retained austenite in steels. The latter has been extensively used for many years at temperatures 
in the range -80°C to-120°C which is sufficient to fully transform any austenite retained in the 
quenched microstructure. Rxamples include case hardening steels such as En36 (832 HI3, 655 
HI3) and En 39 (835 HI5); hardening tool steels such as M-2 and D-2; and stabilisation of 
components, particularly for the aerospace and roll making industries.

The benefits of deep cold treatment (-196°C) for tools have been known for some years. 
However, the inconsistencies experienced by its users has limited its acceptance by UK industry, 
but its application has been growing rapidly in the USA where there are several specialist treatment 
companies. In recent years some new theories suggesting how improved wear resistance is 
produced by deep cold treatment have been developed. Their implications for the processing route 
may help to eliminate the inconsistencies.

Most of the treatment routes cool the components in cold nitrogen gas before finally immersing 
them in liquid nitrogen at 77°K. However, some processors consider it beneficial never to contact 
the components with liquid and rely solely on the cold gas. Since 1965, when commercial deep 
cryogenic treatments first became available, a number of reports have been published showing the 
improved performance of some tools treated in this way.

Figure 1. A selection of deep cold treated parts

It has been reported that some machine elements, such as slitting blades used in paper cutting, have 
lasted six times longer after deep cryogenic treatment. Punches, stamping dies, and taps, such as 
those shown in Figure 1, have also shown significant improvement (Table 1). Another advantage 
of deep cryogenic treatment over surface treatments aimed at increasing wear resistance such as 
chromium plating, titanium nitride coating or nitriding is its ability to change the entire stmeture ol 
the tool, not just its surface. The benefits cannot therefore be negated by subsequent finishing 
operations or regrinds.

Table 1.



Application Typical maximum 
percentage increase 
in tool life

Hot work punches 600
Rotary shear blades 600
Paper slitter blades 600
Punches 500
Slitter knives 400
Stamping dies 400
M-2 cutting tools 400
HSS taps 300
Side trimmers 300
Broaches 300
Chopper knives 250
Bandsaws 250

From the start the process was dogged by inconsistency. It would work on one component, but 
not on another similar one in the same material. Today those problems have been solved through an 
understanding of the mechanisms involved in the wear improvement.

Wear resistance improvement in deep cold treatment

The effects of deep cryogenic processing are seen as occurring in several stages. In the first stage, 
down to -130°C, transformation of retained austenite occurs in exactly the same way as in 
conventional sub-zero treatment resulting in increased hardness. However, a recent study has 
shown that the lattice parameters of the martensite formed are different from that formed in 
conventional treatments which may well account for its subsequent lack of response to extended 
exposure to deep cold temperatures. As in the conventional treatment, the transformation is not 
time dependent. In the second stage, which occurs at deep cryogenic temperatures (typically - 
196°C), there is a time dependent decomposition of the primary martensite. This decomposition 
leads to some initial softening but nucleates numerous additional sites for the formation of carbides. 
During the subsequent tempering operation the fine s-carbides that are the basis of the increased 
wear resistance of the treated tools are precipitated.

It is suggested, however, that this decomposition only occurred in tire primary martensite and not in 
that with the higher c/a ratio produced by the transformation in tire first stage. This mechanism is 
the key to the inconsistency of the results. If a component initially has a high retained austenite 
level then the transformation in tire first stage will dramatically increase tire hardness and hence the 
wear resistance compared with tire original slate. If a component has only a low retained austenite 
level then the carbide formation engendered by the second stage would also dramatically increase 
tire wear* resistance compared to its original state. However, for some intermediate conditions the 
effects of neither would be sufficient to produce a significant improvement, hence the inconsistent 
results. It has been reported that M2 which has been deep cryogenically treated twice improves 
further after the second treatment, supporting this view.

The solution is therefore to double cryogenically treat tire tool; first to fransform the retained 
austenite and second to form tire fine s-carbides required for high wear resistance. Such a 
treatment could easily be performed in today’s programmable deep cryogenic processors. As it Iras 
been demonstrated that the decomposition of the primary martensite is time dependent such that the 
longer tire deep cryogenic treatment the more nucleation sites are formed and hence the finer the 
carbides, it is recommended that a minimum freatment time of 24 hours at -196°C is used.

The recommended process



In the BOC Gases’ reeommended process, tools placed in a specially designed equipment are 
treated using liquid nitrogen as the refrigerant. The liquid nitrogen is supplied by BOC Gases either 
via small portable storage containers or larger static vacuum insulated vessels. The whole process 
cycle can be automatically controlled to increase consistency and reproducibility. In addition to 
their deep cold capability, many of the units on the market also incorporate a temper/stress relief 
facility up to 150"C. This releases the heat treater’s furnaces for alternative applications and also 
allows tool users the liberty of applying liquid nitrogen temperature treatments prior to subjecting 
the components to service.
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Figure 2. The recommended processing route

As a replacement for the currently used processing route a new eight stage process, preferably 
immediately following the conventional austenitise and quench, that should eliminate the 
inconsistency problem, is shown in Figure 2. This new approach to solving the problems 
associated with the inconsistencies experienced in deep cryogenic treatment should enable tool 
users to gain the undoubted benefits of the treatment.
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PROCESS OPTIMISATION FOR DEEP COLD TREATMENT OF TOOL
STEELS

P F Stratton, BOC

Abstract

Deep cold treatment has been applied to many materials, but is best understood in the 
treatment of tools to improve their wear resistance. Even here, inconsistencies in processing 
techniques have led to different conclusions as to the exact mechanisms involved. This paper 
reviews current thinking and attempts to explain these differences in terms of the processing 
parameters and to elucidate the implications for the practical application of the technique for 
optimum properties. An optimised processing route is recommended and a possible further 
improvement in the process is suggested.

1. Introduction

Despite much research over many years, deep cold treatment remains something of a mystery. 
It has been reported to improve the properties of everything from tool steels to golf balls and 
from nuns5 habits to copper spot welding electrodes. The greatest improvement reported is in 
wear properties. However, many of these miraculous transformations can be ascribed to the 
phenomenon of structure stabilisation. It has been suggested that the deep cold orders the 
structure, eliminating voids and dislocations so that slip is less likely [1,2]. This is the reason 
for deep cold treating precision engineering parts that are exposed to rapid temperature 
changes but must not deform in service. Typical examples are gun barrels and parts of racing 
cars and bikes [3-8].

It might be supposed that the same argument could be applied to improvements in the 
properties of polymers and natural fibres. One example of using polymeric fibres in an 
extreme situation is in the sails of racing dinghies (Figure 1). They are subjected to high 
oscillating loads and usually fail by being stretched beyond the point where the sail is 
efficient. BOC tested cold treatment of polymer fibres by miming two sets of sails on 
identical boats for an entire season, alternating sail sets for each race to eliminate any effects 
of seamanship. One set were deep cold treated in liquid nitrogen for 24 hours and the others 
were untreated. If indeed the cold treatment did “regularise” the structure, then less stretching 
should have occurred in die treated sails. Both sets were measured at regular intervals. The 
deep cold treated sails fared slightly better, but die improvement was within the statistical 
error of the experiment. Therefore, there is no proven case as yet for cold treating polymeric 
fibres.



Figure 1. One of the test sails

2. Tool treatments

The situation and its explanation in tool steels would, at first sight, appear to be far more 
clear-cut. The treatment of steels at temperatures in the range -80°C to -120°C is sufficient to 
fully transform any austenite retained in the quenched microstructure and has been 
extensively used for this purpose for many years [9], Examples include case hardening steels 
such as EN36 (832 H13, 655 H13) and EN 39 (835 H15); hardening tool steels such as M-2 
and D-2; and stabilisation of components, particularly for the aerospace and roll making 
industries. The stabilisation effect can be attributed entirely to removal of the retained 
austenite as it eliminates the 4% volume change when environmental conditions transform 
austenite to martensite.

Although the transformation of small volumes of well dispersed retained austenite increases 
hardness, it may be counter-productive with regard to wear as it is offset by a decrease in 
toughness and the ability to stop micro-cracking. It has been reported that deep cold 
treatment at -196°C (77°K) combined with different austenitising temperatures, and hence 
varying the volume of initial retained austenite, can optimise the fracture toughness and 
hardness for a particular application [10-13], However, these studies used only short duration 
deep cold treatment that is known not to optimise wear resistance [2].

3. Deep cold for wear resistance

The benefits of deep cold treatment (-196°C) on the wear properties of tools have been 
known for some years [14, 15], but inconsistencies experienced by its users have limited its 
acceptance by European industry. Its application has, however, been growing rapidly in the 
USA where there are many specialist treatment companies. In recent years some new theories



have been developed to explain how deep cold treatment improves wear resistance. These 
theories can be applied to the processing route to help to eliminate the inconsistencies.

Most of the treatment routes cool the components in cold nitrogen gas before finally 
immersing them in liquid nitrogen at -196°C, although some processors consider it better if 
the components never touch the liquid, only the cold gas. Since 1965, when commercial deep 
cryogenic treatments first became available, a number of reports have been published 
showing the improved performance of some tools steels treated in this way. The most 
frequently quoted is that from Barron shown in Table 1 [16], However, wear is not a simple 
thing to measure in the laboratory, where testing parameters significantly affect the result, as 
Figure 2 shows. The actual wear experienced by a tool may be quite different in practice [17],

Table 1. The improvement in wear for various tool steels after deep cold treatment

Steel (AISI No.) Improvement in wear rate (%)
D-2 817
S-7 503
52100 420
0-1 418
A-10 264
M-l 225
H-13 209
M-2 203
T-l 176
CPM-10V 131
P-20 130
440 121

Standard Treatment 
Deep Cold Treatment

» 10

Sliding Speed (m&)

Figure 2. The effect of sliding speed on the wear rate of tool steel.

It has been reported that some machine elements, such as slitting blades used in paper cutting, 
have lasted six times longer after deep cryogenic treatment. Results from field trials (Table 2) 
on punches, stamping dies, and milling cutters, such as those shown in Figure 3, have also 
shown significant improvement, supporting the experimental data 118, 191. Deep cryogenic



treatment is said to have one important advantage over surface treatments aimed at increasing 
wear resistance, such as chromium plating, titanium nitride coating or nitriding. This is its 
ability to change the entire structure of the tool, not just its surface, so that the benefits cannot 
be negated by subsequent finishing operations or regrinds [7],

From the start the cold treatment process was dogged by inconsistency. It would work on one 
component, but not on another similar one in the same material. Today those problems have 
been solved to some extent through an understanding of the mechanisms involved in the wear 
improvement.

Table2. Field trial of wear improvements in deep cold treated tools

Tool Type Tool Material (AISI 
No)

Improvement in wear rate (%)

Stamping die D-2 1000
Punch M-7 600
End mill M-42 450
Drills M-42, M-7, C-2 300
Milling cutters M-7 250
Drill M-42 200
Punch M-2 100

Figure 3. A selection of deep cold treated tools

4. The mechanism of wear resistance improvement in deep cold treatment

There have been several studies of the effect of deep cold on wear and the mechanism that 
may be giving rise to the improvement [2, 15, 20-25], Unfortunately some of the papers do 
not give all the processing parameters and every processing route specified is different. The 
effects of deep cryogenic processing are seen as occurring in several stages. In the first stage, 
down to -130°C, retained austenite is transformed in exactly the same way as in conventional 
sub-zero treatment, increasing the hardness. However, Meng et al suggest that the lattice 
parameters ol the martensite formed arc different from that formed in conventional 
treatments, which may well account for its subsequent lack of response to extended exposure 
to deep cold temperatures [25], As in the conventional treatment, the transformation is not 
time-dependent [2, 24].



In the second stage, which occurs at deep cryogenic temperatures (typically -196°C, the 
temperature of liquid nitrogen), there is a time-dependent decomposition of the primary 
martensite. This decomposition causes some initial softening but nucleates numerous 
coherent nano-carbides [23], Dining the subsequent tempering operation the fine e-carbides 
formed and precipitated at these sites are the reason for the increased wear resistance of the 
treated tools. It has been shown that the longer the exposure to cryogenic temperatures, the 
more nano-carbides are formed [24],

It is suggested, however, that it is only the primary martensite that decomposes, and not that 
with die higher c/a ratio produced by the transformation in the first stage. This mechanism 
goes some way to explaining the inconsistency of the results. If a component initially has a 
high retained austenite level then the transformation in the first stage will dramatically 
increase the hardness, but not necessarily die wear resistance, compared with die original 
state. If a component has only a low retained austenite level dien die carbide formation 
engendered by the second stage would dramatically increase the wear resistance compared to 
its original state, but without altering the hardness. It is also possible to deep cold treat after 
high temperature tempering with less, but still significant, fine s-carbides precipitation and it 
has been reported that M2 that has been deep cryogenically treated twice shows further 
improvement after the second treatment [25].

The “popular,, literature contains many references into the need for low cooling rates and 
accurate cooling curve control down to liquid nitrogen temperatures [26], This need appears 
to be driven by the desire of the equipment manufactures to sell expensive equipment capable 
of such control rather tiian by any evidence in the “technical” literature. It is however, 
important to cool and reheat slowly enough to avoid cracking through differential 
contraction/expansion and the effects of the 4% volume change on transformation of the 
retained austenite to martensite, but it is not critical to e-carbide formation. It is often 
reported that deep cold treatment should follow immediately after quenching, but it has also 
been suggested that a short warm (60°C) ageing after quenching can reduce the tendency to 
cracking [23].

It has been shown more e-carbides are produced by a longer deep cold treatment at cryogenic 
temperatures and, as might be expected, the subsequent wear rate also falls with increasing 
exposure time [24, 25]. The recommended minimum time at low temperature is 24 hours, 
however, extended or multiple treatments are known to be beneficial. Tool steels that 
normally exhibit secondary hardening do not do so after deep cold treatment so they can be 
tempered at a lower temperature to maintain hardness [24,27], However, the wear rates are 
lower when the steel is tempered at its normal tempering temperature because the morphology 
of the larger carbides is improved.

5. Recommended process steps

It is not possible to recommend a single process for every tool steel, nor even a single cycle 
for all tools manufactured from the same steel. Each tool needs to be separately assessed and 
an individual process route devised for it that will depend on the combination of hardness.



toughness and wear resistance required in service. The cryogenic treatment is just one step in 
that process and must be integrated into the processing route [28].

BOC recommends that tools be treated in specially designed equipment using liquid nitrogen 
as the refrigerant. The liquid nitrogen is supplied by BOC either via small portable storage 
containers or static, externally sited, vacuum insulated vessels for larger volumes. The whole 
process cycle can be automatically controlled for greater consistency and reproducibility. In 
addition to deep cold capability, some of the units on the market also incorporate a 
temper/stress relief facility. This releases the heat treatment furnaces for further treatments.

Tiim:

Figure 4. A schematic of the recommended processing route

The steps in the processing route for maximum wear resistance in Figure 4 are:
1. Heat to an austenitising temperature that will minimise retained austenite in the tool steel 

being treated
2. Hold for the recommended time for the steel
3. Quench at a rate sufficient to give a fully martensitic structure
4. Condition at 60°C for a maximum of one hour and immediately go to step 5
5. Cool to liquid nitrogen temperature (-196°C) at a rate slow enough to prevent cracking, 

preferably in a nitrogen atmosphere to avoid condensation
6. Hold at liquid nitrogen temperature for a minimum of 24 hours, preferably in a nitrogen 

atmosphere to avoid condensation
7. Reheat to room temperature at a rate slow enough to prevent cracking, preferably in a 

nitrogen atmosphere to avoid condensation
8. Temper at the temperature recommended for the steel being treated.

6. Further improvements

There is insufficient driving force at liquid nitrogen temperature (-196°C) to form the nuclei 
of the e-carbides in the martensite formed at low temperature [2, 22]. This limits the useful 
application of the deep cold process to tool steels that have been austenitised at lower 
temperature to minimise retained austenite formation, but which, however, also minimises 
hardness. If the driving force were increased by cooling to a lower temperature, then it might 
be possible to form carbides in the martensite formed at low temperatures, thus maximising 
performance with a combination of high hardness and fine £-carbide dispersion. The obvious 
choice of refrigerant would be liquid helium at -269°C (4°K). However, it is inevitable that



treatment times would be very long as there is litde atomic movement at such a low 
temperature.

7. Conclusions

As part of an optimised heat treatment cycle, deep cold treatment can dramatically improve 
measured wear by the precipitation of fine e-carbides in the primary martensite. The 
transfonnation of retained austenite to martensite is a minor additional benefit. In many 
practical uses of tools this increase in measured wear translates into longer tool life. 
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A Cost-effective Nitrogen-based Atmosphere for Copper 
Annealing
P.F. STRATTON BOC Ltd

An atmosphere system, based on nitrogen from a PSA 
source, has been developed to compete economically 
with the traditional exothermic-type atmospheres used for 
the bright annealing of copper and its alloys. The author 
descnbes the principles, laboratory experimentation and 
full scale production trials in a continuous roller-hearth 
furnace treating coils of tube

INTRODUCTION
Traditionally, copper and its alloys have been annealed 
either in steam' or in an atmosphere generated by the 
partial combustion of a hydrocarbon fuel. In more recent 
times, the use of steam has diminished as its high cost, in 
terms o< both energy and capital plant, has been recog 
nised. An alternative, particularly relevant to the copper- 
wire enamelling industry, is high-purity nitrogen which 
produces good results when annealing in single-strand 
furnaces, where exposure time to the atmosphere is usually 
very short.
However, nitrogen alone is not suitable for the larger 
furnaces more typical of strip and tube production. Some 
active constituent must be added to counter the effects of 
inevitable small air leaks7. Atmospheres produced by 
mixing high-purity nitrogen (from a liquid source) with 
hydrogen are therefore employed. Such atmospheres, 
while unable to compete with the cheap exothermically- 
generated atmospheres in economic terms, produce 
excellent results and are used where the highest surface 
quality is required.
in late 1988, BOC perceived a reed for a simple and reliable 
atmosphere system which could compete economically 
with exothermically-generated atmospheres for oxide-free 
copper annealing. The new atmosphere system was 
developed around lower-purity, lower-cost, on-site 
generated nitrogen which had recently become available 
from pressure swing adsorption (PSA) nitrogen generators 
and membrane systems.
This article records the results of the laboratory trials used to 
establish the process parameters and describes tire first 
large-scale industrial application.

Baaed wi a presentation at the “Copper 'SO" conference starred at the 
Vaster&s Congress Centre, Sweden, on f 3 October 1990. The event was 
organised by The Institute of Metals whose kind permission to publish 
this paper as gratefully acknowledged.
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ON SITE NITROGEN GENERATION
The basic concept of the PSA nitrogen generator is simple. 
Clean dry air under pressure is introduced into a vessel 
containing a bed of molecular sieve. The sieve preferentially 
adsorbs oxygen, allowing the nitrogen to pass through to 
the process. After a short time, the sieve becomes 
"saturated" with oxygen, air flow is stopped and the 
pressure released, venting the oxygen-rich waste from the 
vessel.
In practice two beds are used, as shown in Fig. 1, each 
alternately supplying product and being vented The BOC 
Generon nitrogen PSA units contain an integral drier3, 
eliminating the need to dry the air prior to its introduction 
into the plant.
The purity, in terms of residual oxygen, of the resultant 
nitrogen stream can be varied over a wide range (Table 7/.

Table 1. Product gaa analysis from a BOC Oansron PSA nttroyar. 
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Higher piHtttcs can only he achieved at the cost ot reduced 
flows and hence highet units costs (Fig. 2).
An alternative method of on-site nitrogen generation is a 
membrane unit. The BOC Generon membrane system, 
which utilises a second generation membrane developed 
by Dow Chemical, offers performance very similar to that of 
the state-of the art PSA units outlined above.
Membranes rely on the ability of certain materials to allow 
different gases to permeate at different rates. The 
membrane, in the form of a fine tube, allows "fast gases 
such as oxygen and water vapour to pass through but slow 
gases, such as nitrogen and argon, are retained to pass on to 
the process.
On site generated nitrogen is used in several other types of 
heat treatment application as the basis of an active or 
protective atmosphere and these are reported elsewhere'’' ,

ANNEALING SYSTEM CONCEPT
It is well established that copper requires a hydrogen:water 
ratio of only 3.2x10 5 (equivalent to a log«pO; of - 24.1) 
during annealing at 750°C to retain a bright finish15 and, as 
discussed previously, this can be achieved using steam. 
However, the presence of even very small amounts of free 
oxygen, particularly during cooling, will lead to an oxidised 
finish. This is a significant problem if lower-purity nitrogen is 
to be used as the basis of the atmosphere 
It is possible, at the normal annealing temperatures, to react 
the oxygen to water vapour (steam) in the furnace hot zone, 
before it can become a problem, using an excess of 
hydrogen. However, the reaction does not take place when 
atmosphere is admitted to the coding rone of a continuous 
furnace or during cooling in batch-furnace treatments.
The solution is to pre-react the residual oxygen, with a small 
amount of hydrogen, to produce water vapour prior to the 
introduction of the atmosphere into the furnace. Providing 
the oxygen is kept below about 0.6% (resulting in a

T'WV Mot-Torse CooKny-rorre
Nitrasone OT|et into* Exit

Ni/Ct Hot«>f>e Cooling-zone
muffle sample pom; sample point

------------------------- OveraH/angtn 13.4m.......

Fig. 4- Tne laboratory mesh belt furnace.

§ 1 25J

f 1.00-

f,q j The effect of temperature or. tne rear bon of a dilute rrjxwiv of 
oxygen and hydrogen in nitrogen.

dewpoint of f 10oC5, no problems will be encountered w.th 
water drop-out in pipework or furnace cooling zones, as the 
dewpoint of the resultant mixture wit! be below room 
temperature This is the basis of the BOC Pineal* process. 
Various methods of reacting the residual oxygen with the 
hydrogen were considered. Conventional technology 
would suggest the use of a catalytic reactor employing a 
palladium catalyst which requites no externa* heat source'^ 
Alternatively, a cheaper platinum or copper/zinc catalyst 
may be used, but these systems require an externa! source 
of heat which can be provided either by electrical heating or 
by placing the reactor in a suitable location within the 
furnace. By far the simplest technique is to pass the gases 
through the furnace and use the furnace heat to react them 
Experiments have shown (Fig. 3/ that the reaction goes to 
completion above 400°C. As the reaction is exothermic, 
only a small amount of additional energy (0.12kWh/ma) is 
required to heat the inert fraction of the atmosphere to the 
reaction temperature. This energy can be abstracted either 
from the furnace hot zone or, more economically, from the 
pre-cod zone where any coding produced would be 
beneficial.

laboratory experiments
The laboratory experiments were carried out in two distinct 
phases In the first atmosphere-analysis phase, a matrix of 
parameters (inlet atmosphere composition, inlet position 
and use of an external reactor) were explored using the 
measured furnace atmosphere composition as a guide to 
oxidation behaviour. During the secono confirmatory 
phase, a limited number of the matrix points were more 
thoroughly investigated by processing samples of copper, 
using a tvpicai industrial annealing cycle, to assess the 
surface finish which could be achieved and to verify the 
atmosphere analysis obtained in the first phase 
The work was carried out at BOC’s Development Labora
tory at Hunslet, Leeds, utilising an FHD electrically-heated 
150mm <6in) wide x 13.4m (44ftHong fully-muffled mesh- 
belt furnace (Fig. 4). A Generon 10/s PSA unit was used to 
supply the lower-purity nitrogen, while high-punty nitrogen 
was sourced from a liquid supply and hydrogen from 
cylinders. Time constraints did not allow the several days it 
would have taken to ensure that the oxidation state of the 
furnace furniture, and hence its propensity to react with the 
experimental atmosphere, was at equilibrium prior to each 
run. The furnace was therefore pre-conditioned in the same 
manner before each run to ensure consistency. Pm 
conditioning steps were as follows'.
(1) High purity nitrogen plus 4% hydrogen for 4 hours 

minimum to ensure all oxides were fully reduced.

'Paneai is a BOC Trademark.
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12) High-purity nitrogen (only) for 16 hours to ensure itgbl 
even oxidation.

13) Experimental atmosphere for at least Vi hour in phase 
one and 2 hours in phase two or until furnace analysis 
stabilised

Even having taken these' precautions, inconsistencies in the 
analytical data obtained with sub- and near-stoichiometric 
mixtures threw some doubt on their validity. These results 
are not therefore presented. However, when longer stabilis 
at ion times were employed in the second phase, good data 
were obtained and these are given below

LABORATORY RESULTS
in order to simplify the presentation of the data, the oxygen 
partial pressure was calculated from the gas analysis and is 
presented as JocyjQj. It was estimated, tor the purpose of 
this calculation, that the temperature at the furnace cooling 
zone entry and sample point was 100°C.
Two methods of calculating p02 were employed, either 
direct from a free oxygen measurement or from the 
pH;0/pH2 ratio.

= 1 •
K pH;

where,
K = exp-AG/RT

where AG is the free energy of formation*, R is the gas 
constant and T is the absolute temperature.
The results for atmospheres based on PSA-generated 
nitrogen, with 0.5% residual oxygen, introduced into the hot 
zone are shown in Fig. 5a and the corresponding data for 
cooling zone entry in Fig. 5b.
As may be expected, the data in Fig. 5e show that, when the 
atmosphere is introduced into the hot zone at 750°C, the 
oxygen and hydrogen react rapidly to produce pa levels 
weH below the oxidation limit for copper in both the hot 
zone and the cooling zone. The presence of the external 
reactor makes little difference to the atmosphere quality. 
When the atmosphere is introduced into the cold end of the 
furnace, as shown in Fig. 5b, no reaction occurs and an 
atmosphere oxidising to copper results in the cooling zone. 
As the atmosphere migrates to the hot zone reacbon occurs 
giving an analysis similar to that for hot-zone entry. 
However, pre-reacting the mixture using an external device 
produces similar results to hot zone entry in both the hot 
and cooling zones.
In the second phase, several runs were carried out using 
PSA-generated nitrogen with 0,5% residual oxygen, where 
copper samples were heated to check the results from 
phase one. The results shown in Table 2 confirm the 
calculated results and demonstrate that, as long as there is 
an excess of hydrogen and the residual oxygen is reacted
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Tnbtn 2. Phase-two results with 0.5% residual oxygen

Neacter I % Hydrogen 
addition

"T

j Surtaee
Hoi ^otwaCoc-'ing ionej finish

f 0 8

42.6 
46.9 
42 8

-44 1
46 5
44.6
47 0 

-44.4
47.2

- 10.8

- 144.3
- 147.S 

145 1
-145.3
- 147.5
- 6.0 

6.C

- 146.0 
••48 3

! Hnavy oxidation 
i Light oxidation 
; Bright 
’ Brigh.t 
Brigh:
Bright
Bright

{Light oxidation 
i Heavy oxidation 
Bright

Table 3. Phase two results with 1% residual oxygen.
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Fig. 6. The vernation in torn/ atmosphere cost with PSA-nitrogen purity .

before entering the cooling zone, a satisfactory product is 
attainec.
In addition, some samples were treated using a 1 % residual 
oxygen level, with the results listed in Tahie 3. As may nave 
been expected, good bright work is produced provided that 
a slight excess of hydrogen is present. However, economic 
analysis (fig. 6) clearly illustrates that, in the case of a 
typical installation, the cost of the hydrogen addition, 
requi'ed to react with the increased oxygen and provide the 
required HjCkHj ratio, outweighs the cost savings that can 
be made by generating lower-purity nitrogen and that the 
minimum overall cost occurs at around 0.5% residual 
oxygen. The residual oxygen level at which the minimum 
atmosphere cost occurs is affected by the relative cost of 
the PSA derived nitrogen and hydrogen and thus, as gas 
cost is volume dependent, by the si/e of rhe installation.

PRODUCTION TRIALS
The production trial work was undertaken at a large manu
facturer of copper tubing where a 1067mm <42 in) wide 
Birlec roller heartli furnace was emoloved (Fig. ?). The 
product was charged into the furnace on tubular frames or 
"rafts", each "raft" of product consisting typically of ten 
single-stacked 25kg coils of tube. The total transit time was 
typically 40-46 minutes, with approximately 15-20 minutes 
at the annealing temperature (740CC>.
Prior to the trial, the furnace and its associated pipework 
were leak-tested and repairs undertaken where necessary. 
End boxes, containing physical and gas curtains, were 
designed and fitted by BOC and the furnace gas inlets re
piped to allow the use of BOC Nitrazone' technology The 
lower-purity nitrogen used throughout the experimental 
period contained 0.5/0.6% residual oxygen (except when 
stated in the results table) and was provided by a Generon 
125s PSA unit. High-purity nitrogen was provided from a 
liquid supply and the hydrogen from manifolded cylinder 
pallets
Over an extended trial period, many different combinations 
of atmosphere composition, flowrate and distribution were 
investigated. A representative sample of the results

'Nitrazone is a ROC Trademark
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inter inlet inlet inlet
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Fig 7 Schematic of the oroduction copper anneafinq furnace



Table 4 Summary of production-trial results
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obtained ts summarised in Table 4. The assessment of 
surface quality given therein is very subjective and no 
attempt was made to formalise its measurement.
Run 1, utilising the original exothermically-generated gas 
atmosphere, is listed for comparison. The generator output 
was in practice somewhat variable and typical data are 
presented, Run 2. using only PSA-derived nitrogen 
throughout the furnace, gives an indication of the inherent 
leak rate of the equipment. This result suggests a teak rate 
of approximately G.2 % in the hot aone {typical of furnaces of 
its type).
Runs 3 to 7 show the progress towards a satisfactory 
atmosphere As may have been anticipated from the 
laboratory work, the introduction of an unreacted PSA 
nttrogen-based atmosphere throughout the furnace iRun 3), 
in a similar way to the exothermically-generated 
atmosphere (Run 1), resulted in heavily tarnished work. It 
may have been expected that moving all atmosphere 
introduction in Run 3 to the hot zone (Run 4) would have 
resulted in a very bright product. However, because the 
atmosphere gas plays an important role in cooling the 
product, the exit temperature rose to a level where some 
discolouration occurred as product left the hot zone.
In order to confirm the conclusion drawn from Run 4, in Run 
5 a hrgh-purity nitrogen/hydrogen mixture was used in the 
cooling zone. The exit temperature fell to normal levels and 
bright work resulted. A reactor was then fitted to react all 
the atmosphere gas (Run 6) so that it could be introduced 
into tne cooling zone and, as the laboratory trial had 
indicated, bright work resulted as can be seen from the 
photograph in Fig, 8.
Run 7, with a high-purity nitrogenihydrogen atmosphere 
throughout the furnace, has been added for comparison and 
shows the very high quality product that can be achieved 
with this type of atmosphere.
Using the results obtained in Run 6 as a basis of calculation, 
economic analysis has shown that the cost of the PSA- 
generated nitrogen-based atmosphere system is compar
able to that of an exothermically-generated atmosphere in 
terms of running cost, without the necessity for the 
significant capital outlay that a new generator system would 
entail. This is made possible by the use of the lower cost 
PSA-generated nitrogen combined with BOC's Nitrazone 
technology which resulted in significant reductions in 
overall atmosphere flowrates.

CONCLUSION
A combination of BOC's Nitrazone atmosphere technology 
and the lower-cast nitrogen produced by Generon PSA 
generators provides a cost effective nitrogen-based atmcs 
phere for high-quality copper annealing.
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Practical experience with heat treatment in atmospheres based on non-
cryogenic nitrogen

by

C.J. Precious and P.F. Stratton BOC Gases UK and 
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ABSTRACT

Throughout the world there are many successful operations using non-ciyogemcally 
generated nitrogen in furnace atmospheres applications. Tins review of those operations are 
divided into three areas, namely atmospheres with a high proportion of active additions, 
those with a small proportion of active additions and those using no active additions. 
Examples are cited covering the Ml range of heat treatment from carburising and har dening 
to annealing.

INTRODUCTION

Until recently, nitrogen-based heat treatment atmosphere systems employed high-purity 
nitrogen manufactured by fractional distillation of air in a cryogenic process. A lower purity 
alternative source is now available from on-site generators using pressure swing adsorption 
(PSA) or membrane technology. Such nitrogen, because of fire small amounts of r esidual 
oxygen present, is not universally applicable to heat treatment atmospheres. However, for 
both economic and technical reasons1, it can still be used successfully for a wide range of 
processes. This article details the results of commercial operation of these successful 
applications and suggests other applications where tire technology could be applied with 
equal success.

PSA NITROGEN GENERATION

Hie details of die operation of PSA nitrogen generators have been described elsewhere2,3. 
Tire basic principle is very simple. Clean dry compressed ah is passed into a bed of 
molecular sieve which adsorbs the oxygen, allowing the nitrogen to pass on to the process. 
When the bed is saturated, the pressure is released and die oxygen vented to atmosphere. 
Two beds are used as shown in Fig. 1 in order to provide a continuous supply, one 
producing nitrogen while die odier is venting.

In the membrane technique the compressed ah passes down a hair-sized, hollow fibre, die 
wall of which contains a semi-permeable membrane. Oxygen diffuses through the 
membrane faster dian nitrogen so the nitrogen is concentrated and passes on to the process 
while the oxygen rich waste gas is vented In a production unit millions of fibres are packed 
parallel to a central core and inserted into an outer case to fonn an ah separation module.



The separation is not 100% efficient and some oxygen remains in tire process stream (Table 
1). In the majority of heat treatment atmosphere applications, for both economic and safety 
reasons, the residual oxygen level is maintained at less than 1%.

Table 1. Product gas analysis from a BOC Generon PSA nitrogen generator.

Oxygen Moisture Carbon
dioxide

Hydrocarbons Nifrogen (widi 
fs0.8% argon)

3% to 
0.05%

Dewpoints -70°C 
or

<2vpm H20

<0.2 vpm Not
detected

Balance

APPLICATIONS

There are several areas where non-cryogenic nitrogen is currently in use in a production 
environment

(1) where there are large proportions of reactive constituents in the atmosphere to act as 
a buffer, allowing the rapid neutralisation of Hie residual oxygen (principally by carbon 
monoxide and hydr ogen in nitrogen/methanol systems).

(2) where a small proportion of reactant (principally hydrogen) is combined with the 
residual oxygen but where die reaction products eidier cause no problem or are used 
positively in die process.

(3) where small amounts of unreacted free oxygen are either not a problem or may 
actually benefit the process.

Each of these atmospher e types is described in detail in die next sections, widi examples of 
commercial applications.

ATMOSPHERES WITH A HIGH PROPORTION OF ACTIVE ADDITIONS

Nitrogen/methanol (Endomix) atmosphere technology4 was one of the first and most 
successful areas of application of non-cryogenically generated nitrogen and is a good 
example of a "buffered" system. Atypical Endomix atmosphere consists of a 50/50 mixture 
of nitrogen and medianol which reacts to give an atmosphere carrier gas rich in carbon 
monoxide and hydrogen and of a similar* composition to endothermic gas. There are many 
Endomix sites winch employ non-cryogenically generated nitrogen operating dnoughout die 
world. It is possible to use Endomix atmospheres for bodi reactive atmosphere applications 
(carburising and caibonitriding) and protective atmosphere applications (hardening and 
annealing) and examples of each are given below:

Carburising automotive components

AE Piston Products, Weymouth, are involved in die hardening and carburising of 
automotive components. Parts are either batch processed or treated in a continuous



carburising furnace. The company has employed a nitrogen-based Endomix atmosphere 
since converting from an endothermic gas supply in the early '80's. However in 1988, it 
was suggested by BOC Gases that PSA nitrogen would offer considerable operational cost 
savings when compared with a liquid nitrogen source. Pre-production trials were 
undertaken initially on the batch furnaces, and then on the continuous furnace in 1989. The 
successful conclusion of these trials has meant that a PSA plant has been satisfying AE's 
atmosphere requirements for the last 12 months.

PSA nitrogen is now used for all furnace cycles such as processing, purging or holding. 
Even though it contains a small amount of residual oxygen (0.5% nominal), no significant 
increase in hydrocarbon addition has been necessary during carburising to combine and 
hence neutralise this undesirable atmosphere constituent Also, as a reduced nitrogen 
process flow is used to maintain furnace condition over the weekend period, no noticeable 
increase in conditioning time has been reported when the furnaces are brought back into 
operation on Monday mornings.

In order to cater for emergency furnace purging requirements and to guarantee continuous 
atmosphere availability, AE have chosen to retain a liquid nitrogen supply as back-up to the 
PSA equipment.

Table 2. Typical TRW results of carbonitriding SAE 8615 with PSA nitrogen at 
865° in an Ipsen sealed-quench furnace.

Cycle (i) Load/recover temperature
(ii) Carbonitride for 40 minutes at 865° C
(in) Oil quench
(iv) Unload

Process
flowrates

Methanol: 85ft3/h (2.4nf7h)
Nitrogen: 60flVh (1 .TrrP/h) at 1 % oxygen content
Ammonia: 9fl3/h (0.25m3/h)
Natural gas: Up to 27fl3/h (0.76m3/h) as required by the carbon

controller

Atmosphere
composition

Carbon monoxide: 16.6%
Carbon dioxide: 0.24%
Methane: 2.4%
Carbon control setpoint: 0.54%

Results AH hardnesses and case depths comparable with high-purity nitrogen- 
based Endomix atmospheres. In short cycles, the presence of 
additional oxygen impurity slightly extended the time for recovers of 
carbon monoxide to acceptable operating limits.

TRW in Portland, Michigan, is a supplier of suspension components to the automotive 
industry. They perform carburising, carbonitriding and hardening on stampings, machined 
parts and cold-headed studs. Materials are primarily 4140 and 8615 grade steels and the



equipment operated comprises three Ipsen two-zone batch sealed quench furnaces as well 
as a pusher furnace.

TRW converted to an BOC Gases’ Endomix atmosphere from generated endothermic gas 
but were concerned over the costs associated with their cryogenic nitrogen supply. Tire 
operational simplicity and lower costs of a membrane system convinced them to install this 
alternative nitrogen generator as their sole mean of nitrogen supply. Emeigency needs are 
met by a pressurised surge tank containing sufficient nitrogen volume to ensure pinging of 
the furnaces below flammable limits. An example of the treatments performed and the 
results obtained is given in Table2.

Hardening hand tool components

Production heat treatments at a major US hand tool manufacturer consist primarily of 
caiburising and hardening of low and medium-carbon alloy steels. Processing takes place in 
Lindberg or Ipsen two-zone continuous carburising furnaces and Surface integral-quench 
batch furnaces. This company converted from endothennic gas to nitrogen/ methanol 
Endomix atmosphere in 1984.

The economic advantages of using non-cryogenic nitrogen convinced them to install a PSA 
plant for nearly all their heat treatment practices. After a brief evaluation programme in a 
Surface integral-quench furnace, the customer switched to PSA nitrogen in all the above- 
mentioned furnaces. A cryogenic nitrogen supply has been retained for emeigency back- 
up, as well as for some speciality cycles where high-purity nitrogen is required Table 3 
gives an example of a typical processing cycle and fire results obtained

Table 3. Typical results of hardening medium-carbon alloy steel hand tool 
components with PSA nitrogen at 830°C in an integral-quench batch furnace.

Cycle (i) Load/recover temperature
(ii) Soak for 50 minutes at 830°C
(iii) Oil quench
(iv) Unload
Typical cycle time 1.75 horns for 500kg load

Process
flowrates

Methanol: 2.01/h
Natural Gas: Up to 88ft3/h (2.5m3/li) as required
Nitrogen: 300ft3/h (8.5m3/h) at 0.5% oxygen content

Atmosphere
composition

Carbon monoxide: 10.2%
Carbon dioxide: 0.3%
Methane: 1-11%

Results All hardnesses and microstructures comparable with Endomix based 
on a high-purity nitrogen source.

Neutral hardening



Investigations into the use of PSA nitrogen-based Endomix atmospheres for neutral 
hardening have been carried out at a contract heat treatment company operating sealed 
quench, pit and shaker-hearth finnaces on gaseous atmospheres. They undertake a variety 
of heat treatment operations but have been examining the use of a nitrogen-based Endomix 
system initially for hardening in an Ipsen T4 sealed-quench furnace; this will be followed by 
an investigation of carburising and carbonitriding.

Trials to date have shown that the use of PSA nitrogen plus methanol (only) as an 
atmosphere, with no natural gas addition for enrichment; is unsuitable for neutral hardening 
cast iron components. It is reported that the charging and discharging of repeat loads 
results in a gradually-reducing carbon potential as the furnace loses condition. However it 
has been shown that PSA nitrogen (containing 0.5% oxygen) plus methanol and a 6% 
natural gas addition can be used successfully for hardening.

ATMOSPHERES WITH A SMALL PROPORTION OF ACTIVE ADDITIONS

It is possible to react the residual oxygen in non-cryogenically generated nitrogen with a 
small proportion of some active addition, for example hydrogen or natural gas. When 
intr oducing non-cryogenically generated nitrogen as a replacement for a high-purity nitrogen 
source, it is normally necessary either to add more active gas to achieve tire correct 
oxidation potential or remove the reaction product However, for some processes, such as 
annealing of copper, decarburisatron annealing or glass-to-metal sealing, the main reaction 
product (water) either causes no problem, as in the fust example, or is beneficial, as in tire 
latter two cases.

The reaction of residual oxygen with hydr ogen can be carried out either over a catalyst or, 
more simply, by passing tire mixture into or through a part of tire furnace at a temperature 
greater than 400°C (above which the reaction to water goes to completion). The BOC 
Group have for some time used a catalytic reactor to produce water vapour* from hydrogen 
and oxygen for their patented, one-step, glass-to-metal sealing proceses5.

Copper annealing

PSA nitrogen-based atmosphere systems employing a catalytic reactor for annealing copper 
have already been extensively investigated and a frill report may be found elsewhere6. The 
conclusions of that report may be summarised as follows:

(r) Providing hydrogen is present at a ratio slightly higher than stoichiometric, PSA 
mtrogen/hydrogen mixtures carr be used successfully to bright anneal copper.

(ir) If tire mixtur e is to be introduced into the cooling zone, it must be pre-reacted if bright 
work is to be produced.

(iii) Tire process is most economic when tire PSA nitrogen generator operates at 0.5% 
residual oxygen and the total atmosphere costs are comparable with those for an 
exothermically gerrerated atmosphere.



Hardening cast iron

As has previously been reported1, no application has yet been discovered where it is 
economically advantageous to use non-cryogenically generated nitrogen plus active 
hydrocarbons or hydrogen additions to produce an atmosphere which is wholly reducing to 
iron. This is because the higher addition levels necessary when using non-cryogenically 
generated nitrogen (as a replacement for a high-purity source) cost more than the gas-saving 
associated with a non-cryogenically generated nitrogen supply scheme. A good example is 
the treatment of cast components prior to machining. However, it is not always necessary 
to completely suppress oxidation.

A major engineering company manufactures 3% carbon grey iron components. Prior to the 
utilisation of PSA nitrogen (containing 0.5% oxygen) plus 2% natural gas, components were 
hardened using a similar process route but the nitrogen was sourced from a liquid supply 
containing typically only 5vpm oxygen Metallurgical examination of parts treated using an 
atmosphere based upon high-purity nitrogen traditionally showed no evidence of 
microstructural decarburisation, even though the surface was covered with a thin film of 
tight, adherent oxide. Conversion to PSA nitrogen resulted in an acceptable marginal 
increase in the adherent oxide layer that was well within the minimum machining allowance 
on the part (1 mm).

Clearly, as both the original high-purity nitrogen source and the new PSA nitrogen 
atmosphere only utilised a small proportion of potential reactant (from the 2.5% natural gas 
addition), the PSA atmosphere must have a higher capacity for oxidation and 
decarburisation than its predecessor. However the results show that the 0.5% oxygen 
present in the nitrogen process stream had minimal effect on the moderate surface scaling 
normally experienced and, upon microstructural examination, there is no evidence of surface 
decarburisation. Trial data are shown in Table 4.

Table 4. Trial results of hardening grey cast iron components with PSA nitrogen.

Cycle (i) Load/recover temperature
(ir) Soak 1.5 hours at 870°C
(in) Quench
(iv) Unload

Process
flowrates

Natural Gas: 4.5 1/h 2.5% natural
Nitrogen: 1711/m gas addition

Atmosphere
composition

Nitrogen purity: 0.5% oxygen

Results Structure: no evidence of significant decarburisation associated with 
flake graphite or pearlite matrix; no edge effect Hardness: 53 HRC 
after quench; 30-45 HRC after tempering (325-550°C)

ATMOSPHERES WITH NO ACTIVE ADDITIONS



In a number of heat treatment applications, the small amount of residual free oxygen in the 
non-ctyogenically generated nitrogen either does not cause a significant problem, or is 
actually beneficial to fire process. Many such applications can be imagined but fewer have 
been demonstrated to be commercially viable. Examples of the latter are given below.

Annealing electrical laminations

Brentford Electric Ltd. produce electrical core laminations for use mainly in advanced 
power-conversion equipment In order to maximise electrical efficiency, the core 
laminations are produced from veiy low carbon steels which, after stamping, are annealed 
to soften the material and reduce residual stresses. This reduction in internal stress in turn 
helps to maintain the correct component shape. The annealing cycle also promotes the 
formation of a very thin adherent surface oxide layer which is essential to electrically insulate 
each individual lamination in the final core.

Prior to conversion, laminations were treated in nitrogen derived fr om a high-purity source. 
Conversion to a PSA nitrogen process stream (containing up to 0.3% free oxygen) 
produced no detectable difference in product quality. As the anneal operation is not 
accompanied by any significant microstiuctural change, the quality control checks carried 
out on the cores produced at Brentford consist mainly of static power' losses in fire core and 
as annealed laminate hardness. The PSA nitrogen conversion produced identical hardness 
and power-loss values together wifli the requir ed degree of fight surface oxide.

Annealing copper wire

Castleford-based Tri-Wire Ltd. produce copper wire and have recently converted from 
steam to PSA nitrogen for their resistance strand annealing furnaces. Tri-Wire have two 
PSA units on site, each producing nitrogen wifli up to 3% residual oxygen. These units 
serve their eleven strand fiimaces which typically anneal copper wires in the 1 to 3mm 
(diameter) size range.

Pre-conversion trials showed that up to 3% oxygen can be tolerated in the nitrogen (only) 
atmosphere as the wir es are annealed at a relatively low temperature for a very short time 
period. As the anneal leg of a typical strand furnace is 2 metres long, it can be seen that, 
with a wire speed of around 25 metres per second, there is very little opportunity for 
surface oxidation and discoloration in the 0.08 seconds that the wire spends at the annealing 
temperature (350-550°C).

Normalising low-alloy steels

This US company hardens a variety of cast iron parts and normalises low-alloy steel 
components. Castings and bars were processed in two batch integral-quench furnaces 
imder air. Tire intricate shapes of tire castings made post treatment cleaning operations very 
time-consuming and expensive. Certain critical components had to be sent to an outside 
shop in order to achieve desired results. In addition, fight-gauge rings of mild steel could



only be processed within a tray loaded with cast iron drips, requiring long heating times to 
ensure that the soak temperatures were achieved.

The decision was reached to install a PSA unit to supply nitrogen at 99.5% purity. By 
limiting the amount of oxygen within tire furnace, any scale fomred during heating up to 
870°C is of a loose, flaky nature. Subsequent cleaning, which consisted of hydro-blasting 
followed by a blind shot-blast procedure, easily removed tire resultant scale. Cleaning has 
been reduced by 60-75%, cutting processing time and costs, and critical component 
processing has been brought back in-house. The light-gauge steel components, after 
treatment in PSA nitrogen, are cleaned with simple glass-bead blasting, speeding cycle times 
considerably.

CONCLUSION

This article demonstrates that whilst non-cryogenically generated nitrogen is not universally 
applicable to all heat treatment operations, with due technical consideration and adjustment, 
non-cryogenically generated nitrogen-based atmospheres can be applied successfully to a 
wide range of heat treatment processes. Thus they are a valid option for the engineer' 
involved in specifying heat tr eatment atmospheres.

NOTE

This article is based on a paper presented at the Wolfson Heat Treatment Centre 
conference “Advances in Heat Treatment Technology” at Aston University, Birmingham, on 
October 31st 1990. All the information set out above was correct at that time, however, 
one of the companies has since ceased heat treatment operations.
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The Use of Non-cryogenicallv-generated Nitrogen to Inhibit 
the Oxidation of Ferrous Materials during Heat Treatment
P. F. STRATTON BOC Gases

BOC have conducted an extensive comparison of the 
oxidation behaviour of a variety of steels in air and in non 
cryogenic nitrogen without additions. On the basis of the 
results described, the author makes an economic case for 
employing the latter to inhibit oxidation in heat tmatmerns 
carried out at temperatures above 800'C.

INTRODUCTION
Many steel components and semi-finished products are 
heat treated in furnaces with no protective atmosphere. At 
high temperatures, this treatment results in heavy scaling 
and, at tower temperatures, lighter oxidation. This must be 
removed prior to further processing or putting the product 
into use. Not only is the removal process itself expensive 
but the metal loss may be significant and the resulting 
surface quality is consequently poor.
The alternative is to heat treat in an indirectly-fired furnace 
and use a protective atmosphere to prevent or reduce the 
oxidation’. To date, protective atmospheres have been 
either produced by the partial combustion of a hydrocarbon 
fuel or based on a liquid-nitrogen source. Both options often 
prove prohibitively expensive or require an unattainable 
furnace integrity to be effective.
A third alternative is now available: an atmosphere based 
on nitrogen sourced from either a pressure swing adscrp 
tion (PSA) nitrogen generator or a membrane separation 
unit. Such generators produce nitrogen containing between 
0.05 and 3% residual oxygen. This paper examines the 
reductions in oxidation which can be gained by using 
non-cryogenically-generated nitrogen as a protective 
atmosphere and comments on the eostbenefit ratio.

SCOPE
Materials
Tbts paper reports on the data obtained for a range of 
ferrous materials which were included in a much larger 
study. Analyses of the ferrous materials are shown in 
Table 1. These examples were chosen to be typical 
representatives of the targe number of engineering 
materials that commonly receive thermal treatment.

Atmospheres
The operation of a BOC Generon PSA nitrogen generator 
and the Generon membrane unit has been discussed else
where, together with several examples of application to 
atmospheres for heat treatment23. Some aoplications 
where non-cryogenically-generated nitrogen is used in 
combination with other gases for the protection of ferrous 
materials have been described3 bub in the present experi
ments, non-cryogenically-generated nitrogen alone was 
employed. A typical analysis of the gas produced by such a 
unit is shown in Table 2. In the experiments reported, the 
output of the PSA unit was simulated using mixtures of 
nitrogen and dry air. Three levels of oxygen were examined.

covering the typical output purities derived from the gen 
erator 0.3%, 0.5% and 3%. Data for these atmospheres were 
compared with those for dry air

Temperatures
A range of temperatures was chosen to correspond to 
typical treatment temperatures for the range of materials 
considered. Temperatures used, together with their applica
tions in ferrous heat treatment, were as follows:
• 200,::C ~ I ow-temperature tempering
• 500‘C - high-tempereture tempering
• 500X - process annealing / stress relieving
• 800'C - hardening
• 900-C - normalising
• 1020‘C - maximum apparatus temperature

EXPERIMENTAL TECHNIQUE
Several experimental techniques were considered. The 
often-used thermal microbalance5 has the advantage of 
giving a continuous measurement of weight gam during 
oxidation. It does, however, have the disadvantage that very 
small foil samples are required weighing less than one 
gram and, hence, thick oxidation layers cannot be 
produced. In this case, as microstructural and oxide- 
thickness measurements were also required, the time taken 
by such single-sample experiments would have been 
significant.
The gas volumetric method6 has some of the same dis
advantages as the thermal microbalance, in that only single 
samples can be examined, but additionally it is suitable 
only for thin layers. The same considerations apply to the 
Etlipsometer method.

Table 1. Chemical analysis of steels examined

1 Steel Stainless
steel

j Mild ] Cast 
] steel I iron

SAE 
i 8620

En 24 
(817M40)

En 42

i % Carbon 010 0.17 a35 0.13 0.37 0.78

| % Silicon 0.43 0.21 2.50 ; 0.24 0.19 0.25

'I % Sulphur 0.218 0.022 0.086 0.034 0.004 aio

1 % Phospho«us 0.035 0.023 : ono 0.010 0006 0.007
| % Manganese 1.76 0.75 j 0.50 0.74 0.51 0.66

% Nickel a23 : - j 0.08 0.45 1.42 -
% Chromium 17.70 ; - l0.li 0.33 123 -
% Molybdenum 0.60 ; - ] 0.02 0.165 i 0.18 -
% Titanium ; <0 01 j- j _ ;
% Niobium <001 __ ^ : “ j; ~

Table 2. Typical product analysis from a Generon PSA nitrogen
generator

Oxygen Moisture ! C*bcr Hydrocarbons *|W<vvith 
dioxide 1 : *0.8% ergon,-

0.05 to S Dewpoint -TtTC 
3% j (<2vpm)

<2 Not
vpm detected Balance
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A simple technique was therefore used in which batches of 
samples wens treated simultaneously in a retorted muffle 
furnace. All the materials to be tested were produced as 
uniform ground cylinders, 15mm long by 5mm diameter. In 
order to eliminate the possibility of oxide toss due to 
spalling during treatment or cooling, the samples were 
contained in an alumina boat which had been carefully 
dried prior to use.
Before the introduction of the retort, the muffle furnace was 
preheated to a temperature which, experiment had shown, 
produced the maximum sample heating rate with minimum 
overshoot. The retort was purged with high-purity nitrogen 
until it reached temperature, at which time the reactive gas 
was introduced. The flowrate of the reactive gas was such 
that the retort was purgeti to 95% of tfie required compost 
tion in less than one minute. This flowrate was maintained 
throughout the experiment to ensure that no oxygen deple
tion occurred, even at low oxygen concentrations.
At the end of the required time <20 minutes for the majority 
of the experimental runs), the retort was again purged with 
high-purity nitrogen and the samples allowed to cool.
Before and after treatment, the sample and its alumina boat 
were weighed to determine weight gain. It was discovered 
that even pre-fired boats changed weight slightly during 
treatment; therefore the change in weight of a standard boat 
treated with die batch was taken into consideration in these 
weight-gain measurements. This effect gave rise to consid
erable "noise" in the experimental data. Statistical data- 
analysis techniques were therefore used to 'smooth the 
data presented. Some fine detail present in the original data 
may, therefore, have been lost.
After weighing, the samples were photographed and sent to 
Leeds University for oxide thickness measurements, using 
an SEM, and for microstructura! examination. These thick
ness data thus generated showed some noise, mainly due 
to the variation of layer thickness on a single sample, 
probably because of spalling.
The pickling behaviour of some of the samples was also 
examined. Two pickling acids were used: 20% by volume 
hydrochloric acid at room temperature and 20% by volume 
sulphuric acid at 45/50' C. Measurements were made of the 
total time required to completely descale the samples and 
the volume of acid requited.

RESULTS 
Weight gain
As discussed above, there was considerable "noise' in 
these data. For two of the materials, cast iron and stainless

Tomptjratuis, C

fig, >. Metyht gain fyr mild steal as a function of tempeiat'.ire and 
atmosphere oxygen content.

steel, the "noise" exceeded the "signal" to such an extent 
that even the statistical techniques used for the remaining 
materials were unable to generate any useful data. Thus 
only data for the remaining materials is considered. A 
typical example of the data generated for mild steel is 
shown in Fig. 7.
Comparison of the data for each of the materials shows, as 
may have been expected, that the rate of oxidation for any 
given set of conditions decreases with increasing alloy 
content Otherwise, the trends for each material are very 
similar, with weight gain increasing with both temperature 
and oxygen content.
At the three higher temperatures examined, the weight gain 
decreased, on average, to 15% of the value in air when the 
materials were treated in nttt ogen/0.5% oxygen. This figure 
increased to an average of 45% for the three lower tempera
tures. This result may indicate a change of oxidation 
mechanism at lower temperatures or simply that the error is 
a larger proportion of small weight-gain values 
The corresponding figures for nitrogen<J0.3^c oxygen are 
10% and 41%. These figures must however be treated even 
more circumspectly than those for G.5% oxygen; the oxide 
layers at 0.3% oxygen are thin, and the corresponding 
weight gains small, so the margin for error is large

Oxide thickness measurements
All of the oxide thickness data are presented as observed 
average values in Figs. 2(a) - if). Variations within the layer 
thickness on a single sample were common, probably 
caused by spalling due to differentional contraction 
between the oxide layer and the base metal during cooling. 
Photographs of typical examples are shown in Fig.3.
Each of the sample points in Figs. 2ia) - (f) has been coded 
to indicate broadly the oxide morphology; the lighter the 
shading the more porous the oxide. The information is 
derived from a combination of macro and micro examina
tion. There was no obvious pattern to indicate whether the 
oxide produced under a given set of conditions would be 
porous or solid. However, it is obvious that porous oxides 
produced thicker layers than may have been expected from 
consideration of the thicknesses of the solid oxides. This 
effect is due to the increased availability of oxygen at the 
metal surface under conditions where oxygen transport 
through the porous layer is faster than through the solid 
material.

Oxide growth rote
All of the previously-available data suggest that, for the 
range of conditions under which the current experiments 
were conducted, oxide layer growth rate is proportional to 
the sauare root of exposure time7. In order to confirm this 
hypothesis, a number of the experiments were repeated 
with exposures of one hour instead of 20 minutes. 
Unfortunately, however, scatter in the small number of data 
produced an inconclusive result and further work in this 
area is required

Effect of oxygen concentration
Figs 4(a) - fcj show the oxide thicknesses for all of the 
materials studied at 1020,900 and 600 C respectively. It can 
be seen clearly that, for all materials at both 1020 and 900 C, 
the rate of oxidation is proportional to the logarithm of the 
oxygen concentration. It has been shown previously that 
this relationship holds true for copper at 800* and 1000 C*, 
but the author has been unable to locate any previous data 
for steels.
The data for 600 C are inconclusive, with no trend being 
apparent. This supports the view expressed earlier that 
there is a change of oxidation mechanism between 80C and 
600 C At the higher temperature, it is probable that the rate
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Fig.?.. Oxide thickness, as a fvnction nf temperature and atmosphere oxygen content, for: (a) miid steel' ib> Bn 42- lc) cast iron- (d) SAr 3620 
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8620 En 24 En42 "fifc'iti
steel

§UMnt*s$ Cast iron
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% Oxygen

Fro i. Oxide thickness as a function of atmosphere oxygen content for 
a ranos of steels at: <a> 1G2Q C; lb) 90ff C: ic} SQff C.

Fig. 5. The effect of steel composition and temperature on the reduction 
in oxidation produced by lowenng the atmosphere oxygen concentra
tion from 21% to 0.5%.

Table 3. Pickling of miki steel samples treated at 900 C for one 
hour in an atmosphere of nitrogen with residual oxygen 
present.

% Oxygen in S-~- 
nitrogen j

j__

Cold HC1 HotHjSO,
Time,
min

| Volume, 
cc

Time,
min

I Volume, j 
uc i

0.5 38 5.5 | 9 i
3.0 40 |. 55 28 ; 3 |

21 (air) i 86 5.5 - ! _ i

of oxygen supply is the rate-controlling step and, at Sower 
temperatures, some other factor, possibly the rate of 
diffusion of oxygen through the oxide layer, becomes rate 
controlling.
In terms of the practical treatment of steels, this result 
means that, at higher temperatures, reducing the oxygen 
content of the atmosphere from atmospheric (21%) to that 
typically produced by a PSA nitrogen generate'' 10.5%) will 
reduce oxide thickness by a factor that varies with both 
temperature and alloy concentration but averages 85%.

Effect of alloying elements
The effect of steel composition and temperature on the 
reduction in oxidation produced by reducing the oxygen 
content of the atmosphere from 21% lair) to 0.5% can be 
seen clearly from Fig. 5. Although errors are no doubt 
compounded when exoressing a single data point as a per
centage of another, the trends are self evident, for low-alloy 
materials, the reduction in oxidation is large over the full 
temperature range and is greater than 85% in all cases.
As the alloy content increases, the effectiveness of the 0.5% 
oxygen atmosphere in reducing oxidation declines. The 
effect is presumably due to the ability of the higher-alloy 
materials to produce an alloy-rich protective oxide at the 
lower temperatures, which is just as effective in air as in a 
reduced-oxygen environment. However, as the tempera
ture increases oxygen transport through the oxide increas 
es, allowing the formation of thick layers, under which 
conditions the reduction in atmosphere oxygen content 
once again becomes effective
The oxide layers produced on the stainless-steel samples 
were very thin, typically two orders of magnitude smaller 
than the corresponding mild-steel samples, as may have 
been expected. There was very little difference between the 
oxide layer thicknesses produced in air or in reduced 
oxygen conditions. The trend of the data was in fact the 
reverse of the other materials, in that more oxidation 
occurred at lower oxygen concentrations.

Effect on pickling
A summary of the pickling study results is given in Table 3. 
No results are available for the samples treated in air and 
pickled in hot sulphuric acid, as it was reported that the acid 
had 'virtually no effect" and meaningful results couid not 
be obtained.
ft is clear from these results that at least a 50% reduction in 
pickling time is attained by treating mild steel in nitrogen 
containing 0 5% residual oxygen as compared with treat
ment in air.

ECONOMICS
Let us examirie the costs for annealing mild-steel coiled rod 
in a roller-hearth furnace. It would cost approximately 
£2.72/tonne to provide a typical 2tonne/hour annealing 
furnace with non-cryogenicaliy-generated nitrogen at 0.5% 
oxygen content.
At 900 ;C for, say, 7.5mm-diameter rod treated in air for one 
hour. 5.39kg of oxide would be formed containing 3.6kg of 
iron. This figure would be reduced by 90% using a non- 
cryogenically-rierived nitrogen protective atmosphere. The 
value of the saving of metal lost by oxidation wouid there
fore be typicaliy around £0.81. It has been estimated that the 
direct costs of pickling are £12 to £20/tonne. By reducing the 
oxidation by 90%, the cost will be reduced by 50%, giving a 
saving of £6-1G/tonne.
Even with the lowest estimated figures, a significant overall 
saving of the order of £4/tonne should be achieved. In 
addition, costs associated with the disposal of the pickling 
wastes are reduced and benefits are derived from a product 
with an improved surface finish.
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PRACTICAL APPLICATION
!n practice, many of the heat treatments to which this 
approach will be applied wifi be carried out in enclosures 
that leak at higher rates than would be acceptable for con
ventional protective-atmosphere processing10. Examples of 
such treatments might be induction reheat for forging or 
batch annealing of castings.
Such an environment does not completely negate the bene
fits of the process; it merely increases the oxidation rate to 
that produced by the mixture of non-cryogenicaHy- 
produced nitrogen and the adventitious air. The combined 
oxygen level can be minimised either by increasing the 
purity of the non-cryogenically-generated nitrogen or by 
reducing the leak rate. The latter can be effected by the use 
of mechanical barriers, such as curtains, or by increasing 
the flowrate of the non-cryogenically-generated nitrogen to 
keep the air out.
Obviously the presence of large leaks will affect the process 
economics. However, it should be borne in mind that an 
enclosure using 30m3/h of non-cryogenically-generated 
nitrogen would require an air leak rate of 0.75m3,Ti to 
decrease its purity from 0.5% to 1% oxygen - a huge leak in 
any environment.

CONCLUSIONS
fl) At temperatures in the range 800 C to 1020'C, a reduc

tion in oxygen concentrations resulted in a reduction in 
oxidation for the range of materials tested.

(2) At temperatures below 60Q'C, a reduction in oxygen 
concentration had no significant effect in reducing 
oxidation for any of the materials examined.

(3) For low-alloy steels at temperatures in excess of 800°C, 
the use of a PSA-generated nitrogen atmosphere, with 
0.5% residual oxygen, reduced oxidation by around 
90% compared with treatment in air,

(4) For the above materials and conditions the process is 
economically viable.
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Caseous nitrocarburising utilising non-cryogenically generated nitrogen

by

P F Stratton, BOC Gases and K Bennett, Senior Heat Treatments Ltd

Abstract

All nitrocarburising treatments have in common the 
formation of a scuff and corrosion resistant, epsilon iron 
nitride surface layer. Many of the atmosphere systems 
currently in use to produce this layer utilise high purity 
nitrogen as a base. As the formation of this layer requires 
the presence of an oxidising species in the processing 
medium, it was considered that lower purity, lower cost, 
non-cryogenically generated nitrogen could be substituted 
without compromising product quality.
It is shown that not only can this substitution be made 
without any reduction in quality but additional benefits can 
be derived from the presence of the residual oxygen in the 
non-cryogenically generated nitrogen. These benefits 
include increased processing speed achieved by in-situ pre
oxidation of the components prior to processing and the 
generation of an improved surface condition by controlled 
post-oxidation during cooling.

THE TERM NITROCARBURISING covers the wide range of 
processes that lie, in terms of treatment temperature and 
carbon and/or nitrogen content of the surface layers, 
between carbonitriding and nitriding. They have in common 
the formation of a compound surface layer which is scuff 
and corrosion resistant backed up by a carbon/nitrogen 
diffusion zone which improves wear and fatigue life. The 
range of applications is as diverse as the properties of the 
layers produced, from crankshafts to windscreen wiper 
arms.

The formation of the characteristic epsilon iron 
carbide compound surface layer requires the presence of an 
oxidising species in the processing atmosphere. This paper 
describes some of the gaseous techniques utilising lower 
purity nitrogen derived from a non-cryogenic nitrogen

generator as a base for the atmospheres which are used to 
produce the layers where the residual oxygen in the non- 
cryogenically generated nitrogen contributes to the source 
of that oxidant. The efficacy of the techniques is then 
illustrated with reference to some of the range of such 
treatments carried out by The Senior Heat Treatment Group.

Figure 1. A BOC Gases PSA nitrogen generator.

Processing atmospheres

Nitrocarburising processes were developed using 
salt bath treatments. These treatments have been largely 
superseded by gaseous treatments and in the main the 
gaseous atmospheres used are based on nitrogen. In the 
past the source of that nitrogen has been high purity 
cryogenically produced nitrogen delivered as liquid, stored 
on site and evaporated prior to use. It was considered that



for many heat treatment applications, including 
nitrocarburising, lower purity, lower cost non-cryogenically 
generated nitrogen could be utilised without detriment to 
the process. Non-cryogenic nitrogen can be produced 
using two techniques(l).

higher the purity required the lower the yield and the smaller 
the output from a given plant. Therefore, the cost of non- 
cryogenically generated nitrogen increases with purity. For 
most heat treatment applications 0.5% residual oxygen has 
been shown to be most cost effective.

Pressure swing adsorption (PSA) Austenitic nitrocarburising atmospheres

In a PSA nitrogen generator compressed air is 
passed into a vessel containing a carbon molecular sieve. 
The sieve adsorbs the oxygen allowing the nitrogen to pass 
on to the process. After a time the bed becomes saturated 
and the process is stopped. The pressure is then released, 
venting the oxygen rich waste gases from the vessel, and 
the cycle starts again. Two vessels are used, one producing 
and one venting, giving continuous production.

Figure 2. A BOC Gases membrane nitrogen generator.

Membrane

In the membrane technique the compressed air 
passes down a hair-sized, hollow fibre, the wall of which 
contains a semi-permeable membrane. Oxygen diffuses 
through the membrane faster than nitrogen so the nitrogen 
is concentrated and passes on to the process while the 
oxygen rich waste gas is vented. In a production unit 
millions of fibres are packed parallel to a central core and 
inserted into an outer case to form an air separation module.

The separation efficiency achieved by either 
technology is not 100% and some oxygen remains in the 
output. A range of purities can be produced from 0.001% to 
3% residual oxygen all with dew points of -70°C. The

Austenitic nitrocarburising can be considered from 
the atmosphere requirements point of view as a low' 
temperature carbonitriding process with a requirement for a 
higher nitrogen potential and for an oxidant to be present. 
Typically the process is carried out in the same type of 
sealed quench furnaces as carbonitriding with similar 
atmospheres except that the ammonia level has been raised 
to 20%. BOC Gases’ patented(2) austenitic nitrocarburising 
atmosphere system uses 40% nitrogen, 40% cracked 
methanol and 20% ammonia. Although the cracked 
methanol provides the required oxidant, it is shown below 
that, as in the more usual Endomix proces(3,4), the 
additional oxidant provided by the use of non-cryogenically 
generated nitrogen has no effect on the processing 
parameters.

One of Senior Heat Treatments’ austenitic 
nitrocarburising process, shown schematically in Figure 3, is 
normally carried out at 700°C. For safety reasons it is 
standard procedure to establish a conditioned furnace at 
800°C before charging the load. The furnace can be 
conditioned with an Endomix only atmosphere. Following 
charging and subsequent recovery to 800°C the furnace 
atmosphere will be changed to comprise 20% ammonia and 
80% Endomix. The furnace temperature will then be reduced 
to 700°C.

1200

{ Austenitic rstrocartunse ■
j 20%

Time

Figure 3. Austenitic nitrocarburising schematic.

Standard austenitic nitrocarburising would 
normally comprise a two hour treatment at 700°C followed 
by an oil quench although some engineers will request a 
three hour treatment to improve indentation resistance. 
After the two hour treatment mild steel will exhibit an 
epsilon compound layer of some 25 to 30 microns in depth. 
In addition an underlying carbonitrided case is present to a

a



depth of 125 to 150 microns. The case structure below the 
compound layer, after quenching, is composed of two 
zones; an austenitic zone and a back-up martensitic zone. In 
order to develop the full properties of this case it is 
necessary to carry out a transformation process.

Figure 4. Austenitically nitrocarburised mild steel 
transformed by deep freezing at -70°C.

The transformation is effected either by isothermal 
transformation to lower bainite or by deep freezing to form 
martensite which is then tempered (Figure 4). Typical micro
hardness traverses (Figure 5) indicate that surface hardness 
levels of the order 700 to 800 HV can be achieved by the 
deep freezing technique. The isothermally transformed 
condition, whilst exhibiting a slightly lower wear resistance, 
is obviously more ductile. Experience has shown that if the 
deep freeze technique is to be utilised, the transformation 
must be carried out within an hour of quench due to 
stabilisation of the structure by the high nitrogen content of 
the case.

Ferrite and Martensite Core

Depth (ins x 1000)

Figure 5. A typical microhardness traverse for an 
austenitically carburised case.

Ferritic nitrocarburising atmospheres

Ferritic nitrocarburising has been more widely 
developed and more variations of furnace and atmosphere 
composition exist. As with austenitic nitrocarburising an 
oxidant is required for successful processing. In some 
furnaces, particularly sealed quench furnaces, operators rely 
on the natural leak rate of the furnace to provide the oxygen. 
However, this practice is not recommended as little control 
can be exercised. Typically, for both sealed quench and pit 
furnaces 2 to 6% carbon dioxide is added(5).

The problems experienced with the use of carbon 
dioxide as an oxidant, such as the necessity for provision of 
heated pressure regulators and the tendency of carbon 
dioxide and ammonia to react when fed through the same 
manifold, producing ammonium carbamate thereby creating 
blockages, have encouraged the use of alternative oxidants. 
Air can be used quite successfully as an oxidant but 
experience suggests that it must be derived from a cylinder 
rather than a compressed air ring main. Experience with 
compressed air ring mains has shown that it is virtually 
impossible to obtain clean, dry air from this source. 'The 
resultant moisture seriously affects the chemistry of the 
nitrocarburising process.

The advent of the non-cryogenic nitrogen 
generator, however, has offered a readily available answer 
to the problem. It has been established that the use of non- 
cryogenically generated nitrogen with a residual oxygen 
level controlled between 0.75-1.25% provides a good base 
for all nitrogen-based ferritic nitrocarburising processes. 
Otherwise the requirement is for an atmosphere containing 
more than 50% free ammonia providing the surface 
condition of the components is satisfactory(6). 
Atmospheres containing less than 50% free ammonia will 
produce compound layers but will not give the maximum 
nitriding effect on alloy steels. The nitrogen balance is used 
to control the nitrogen potential by diluting the ammonia.

Sealed quench furnace process

The Senior Heat Treatments’ process for ferritic 
nitrocarburising in a sealed quench furnace, which is carried 
out at a temperature of 570°C, utilises PSA nitrogen to 
provided the correct level of oxidant when combined with 
the natural leak rate of the sealed quench furnace. It has 
been established that a 3 hour treatment in an atmosphere 
comprising 55% ammonia and 45% PSA nitrogen (residual 
oxygen in PSA nitrogen being 0.75%-1.25%) will produce a 
compound layer of some 10-20 microns. Oil quenching is 
normally carried out at the end of the process cycle.



Pit furnace process

The Senior process for ferritic nitrocarburising in a 
pit furnace again utilises PSA nitrogen and its residual 
oxygen as a base for the reactive atmosphere. Following 
loading into a cold furnace, the chamber would be purged 
with gaseous nitrogen and then raised to a process 
temperature of 570°C under the same atmosphere. At 570°C 
the atmosphere is changed to 57% ammonia, 28% PSA 
nitrogen (residual oxygen 0.75 - 1.25%) and 15% dry air. A 
three hour treatment at 570°C in this atmosphere will 
produce a compound layer of 10-20 microns in mild steel. A 
further zone of nitrogen penetration is apparent beneath this 
compound layer to a depth of approximately 500 microns.

Figure 6. Ferritic nitrocarburised mild steel.

This compound layer has outstanding properties:-
1. Exceedingly high resistance to wear, scuffing and 

seizure.
2. Excellent corrosion resistance to the extent that some 

applications utilise the process solely for resistance to 
corrosion. It has been shown that the corrosion 
resistance of a gaseous nitrocarburised surface with 
post-oxidation under most conditions is better than a 
phosphated and oiled surface, better than a zinc plated 
surface, but inferior to a passivated cadmium plated 
surface.

3. Good lubrication retention properties. The compound 
layer can be engineered to contain a certain level of 
micro-porosity which serves to hold the lubricant.

4. An improvement in fatigue properties dependent upon 
the material composition. It has been reported after 
treatment for three hours at 570°C followed by an oil 
quench improvements of 130% are achieved in mild 
steel.

Nitriding steel subjected to this process can be 
slow cooled in the furnace under pure nitrogen. Low alloy 
steels can be polymer or oil quenched following purging of 
the furnace with pure nitrogen. Such steels contain nitride

formers (chromium, molybdenum, vanadium and aluminium) 
which form sub-microscopic nitrides in the substrate giving 
rise to both an increase in hardness (in some instances 
greater than 1000 HV) and in fatigue properties (30/40% in 
En 19C (SAE4140)). Such a nitridable steel subjected to a 
three hour treatment at 570°C will have a substrate nitrided 
depth of some 150 to 250 microns.

Nitral process

A variation of the standard ferritic nitrocarburising 
process developed by Senior Heat Treatments utilises the 
phenomenon that pre-oxidised surfaces allow a faster 
nitrogen transfer rate. This process called Nitral is marketed 
as an alternative to classic gaseous nitriding and results in a 
greatly reduced process time.

The process, shown schematically in Figure 3, 
involves the purging of the furnace, once loaded, with PSA 
nitrogen and raising it to process temperature under the 
same atmosphere. During the rise to process temperature 
the surface of the components will oxidise in a controlled 
manner due to the residual oxygen in the PSA nitrogen. 
Because the oxygen is restricted the oxide produced is thin 
and tightly bonded.

28% PSA Mtrogen 
57% Ammonia
15% Air
4 volume changes per hour

PSA Nitrogen 
(0.75-1.25% Oj)
6 volume changes 
per hour i

High purity nitrogen 
2 volume changes 
per hour

Figure 3. Schematic of the Nitral cycle.

Once the process temperature has been achieved 
the atmosphere is changed to the ferritic nitrocarburising 
atmosphere. At the end of the required process time the 
atmosphere is again changed but to pure nitrogen and the 
furnace is cooled to room temperature. Nitral has been 
demonstrated to reduce classic nitriding cycles by up to 
75% whilst replacing the brittle white layer with the more 
flexible epsilon compound layer. A typical hardness traverse 
for a Nitral treated material is shown in Figure 4.
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Figure 4. Hardness traverse for a 12 hour Mitral treatment on 
a normalised cast 3% Cr-Mo steel using PSA nitrogen 
containing 1.2% residual oxygen.

Post-treatment oxidation

It has been shown that the controlled post
treatment oxidation of the compound layer can greatly 
increase its resistance to corrosion without significantly 
affecting its tribological properties. Its performance can be 
further enhanced by the application of an oil or wax which 
fills the surface pores which can be created in the 
compound layer by correct process control. In addition to 
its corrosion resistance the layer has the added benefit of 
being matt black, a much sought after finish in today’s 
motor industry.

Typically this post-treatment oxidation would be 
carried out in air at 400°C, followed by a soluble oil quench. 
It should be noted however that the treatment at 400°C will 
tend to precipitate nitrides in the substrate and will reduce 
the fatigue strength in thin section components of critical 
applications. It has been shown that by carrying out the 
cooling from nitrocarburising in non-cryogenically 
generated nitrogen at the same oxygen level as that used for 
processing instead of the high purity nitrogen usually used 
to obtain a bright finish, a satisfactory black finish is 
obtained.

Conclusions

It has been clearly demonstrated that it is possible 
to carry out the full range of nitrocarburising processes 
using atmospheres based on lower cost, lower purity, non- 
cryogenically generated nitrogen. Not only does the use of 
non-cryogenically generated nitrogen not compromise the 
quality of the nitrocarburising treatment, but additional 
benefits with regard to improved processing speed and 
post-processing oxidation during cooling can accrue.

Senior Heat Treatments Limited have made use of this 
technology to offer a range of high quality and cost 
effective treatments.
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The use of non-cryogenically generated nitrogen to inhibit the 
oxidation of nonferrous materials during heat treatment

by

P F Stratton - BOC Gases

Introduction

It has been generally accepted practice that semi-finished nonferrous products are heat heated without the 
use of a protective ahnosphere and the scale pickled off before the next operation. Such a processing 
route is becoming less acceptable for several reasons.

First, there are the environmental considerations. Not only is the safe disposal of waste pickling fluids 
becoming a less acceptable practice for environmentally aware companies, but it is becoming more 
expensive as legislation tightens. Second, the surface finish of the pickled product is often poor, a quality 
problem that can be canied through to the final product Third, there is the loss of material involved 
Usually this is not significant in financial terms but the larger machining tolerance required because of the 
uncertain oxidation depth might be.

In some circumstances it may not be possible to remove fire scale before the next operation, for example 
where the heating is before a forging operation. Here the scale must be tolerated, often leading to 
excessive die wear.

The alternative is to use a protective atmosphere based on either high purity nitrogen or gases generated by 
tire partial oxidation of a hydrocarbon fuel. The use of such atmospheres, which can result in a completely 
scale-free product03, can often be justified in financial tenns. However, in some cases it cannot BOC 
Gases sought a less expensive option and found it in the use of lower purity, non-ciyogenically generated 
nitrogen

Hie use of non-cryogenic nitrogen, which contains a small amount of residual oxygen, will generally result in 
some oxidation in most treatments, but exactly how much proved difficult to extract from existing sources 
of data. BOC Gases therefore set about finding out more and this paper contains the results of that 
investigation

Non-cryogenically generated nitrogen

High purity nitrogen is manufactured in large plants by the fractional distillation of Hqurd air. Such plants 
need the economies of scale to be economical.



Lower purity nitrogen can be generated cost effectively on a smaller scale using non-ciyogenic technology. 
There are two widely used techniques for generating nitrogen non-ciyogenically, pressure swing 
adsorption (PSA) and membrane. Both are Hilly described elsewhere(2), but a brief introduction is given 
below.

In a PSA nitrogen generator compressed air is passed into a vessel containing a carbon molecular sieve. 
The sieve adsorbs the oxygen allowing die nitrogen to pass on to die process. After a time die bed 
becomes saturated and die process is stopped. The pressure is then released, venting die oxygen rich 
waste gases fiom die vessel, and die cycle starts again. Two vessels are used, one producing and one 
venting, giving continuous production.

In the membrane technique the compressed air passes down a hair-sized, hollow fibre, the wall of which 
contains a semi-permeable membrane. Oxygen diffuses through the membrane faster than nitrogen so the 
nitrogen is concentrated and passes on to the process while die oxygen rich waste gas is vented In a 
production unit millions of fibres are packed parallel to a central core and inserted into an outer case to 
form an ah' separation unit

The separation efficiency achieved by eidrer technology is not 100% and some oxygen remains in the 
output A typical analysis is shown in Table 1. The higher the purity required die lower die yield and the 
smaller die output fiom a given plant Therefore, die cost of non-ciyogenically generated nitrogen increases 
widi purity.

Experimental

The experiments described below were part of a larger investigation that included ferrous materials. The 
results for the ferrous materials have been published elsewhere^. That paper contains a full description of 
die experimental technique that is summaiised below.

Table 1

Major alloying elements of materials used



Material Elements %

Cu Ni Cr Fe Nb Mo Ti Zn Mg A1 Si

Copper 95.5

Incoloy 800 28.6 19.6 46.1 .42

Inconel 718 50.3 17.9 17.7 5.1 2.9 1.15

Brass 56.5 32.7 3.7

Aluminium

LM13

0.68 1.35 79.4 10.8

Titanium 98.4

Small bar samples of the materials shown in Table 1 were heated in atmospheres containing between 0.3 
and 3% oxygen, levels typical of those found in non-cryogenically generated nitrogen, and dry air for either 
20 or 60 minutes at temperatures between 200 and 1020°C. The bars and the boats canying them were 
weighed before and after treatment to determine weight gain due to oxidation. A photograph was taken of 
each bar as a record of the oxide morphology. Each sample was then sectioned and subjected to 
examination in a scanning electron microscope to determine the thickness of the oxide layer.

Despite all the precautions taken the vast majority of the weight gain data were unsatisfactory and is not 
reported except in the case of some of the copper experiments.

Results and Discussion

Copper

In some experimental runs samples of brass were treated in the

Oxide thickness (pin)

% Oxygen

with reducing oxygen in the atmosphere.

same batch as the copper samples. When 
examined by EDX analysis it was 
apparent that there had been some 
transfer of zinc between the brass and the 
copper samples, via the oxide. The 
results from such samples have been 
omitted from the data set The thickness 
of the oxide layers produced by the 
exposure of samples to various 
atmospheres over a range of 
temperatures for 20 minutes is shown in 
Figure 1. It can be clearly seen that 
although the data are not fully consistent 
there is a significant reduction of oxidation



Figure 1. The oxidation thickness for a range of temperatures 
and atmospheres for copper.
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If the data for weight gain at 800oC are 
plotted, it may be compared to data 
derived using a similar technique by Pilling 
and Bedworth(4) (Figure 2). It can be 
seen that at higher oxygen levels the data 
is consistent with this earlier work but at 
lower levels there is a significantly 
different trend It is suggested that this is 
due to the relatively long exposure times 
(5 hours) used in the former study. This 
may have masked the effect of slow 
oxidation site nucleation at low oxygen 
levels that is known to be the rate 
controlling step in the formation of thin 
layers(5).

Figure 2. The effect of the amount of oxygen in the treatment 
atmosphere on the oxidation weight gain of copper at 800°C.

experimental samples) shown in

In this case the thickness data (for a 
different temperature (900°C) to avoid the 
use of data from the same set of

Oxidation Rate Constant (jjm2/h)

Oxygen Partial Pressure (mm Hg)

Figure 3, confirm the trend and intercept of 
the weight gain data. In addition it is 
known from practical experience in the 
field that when exposure times are very 
short no oxidation can be detected even at 
oxygen concentrations as high as 3%(6).As 
a result non-cryogenically generated 
nitrogen can successfully replace steam in 
rapid cycle annealing, such as the 
resistance heated continuous annealing of 
copper wire, without oxidation.

For longer treatments Figure 2 suggests that using non-cryogenically generated nitrogen to reduce the
Figure 3. The effect of the amount of oxygen in the oxygen from 21% to 0.5% can reduce 
treatment atmosphere on the oxide later thickness of copper ox‘^a^on copper by more than 90% for 
at 900°C typical treatment times.

Nickel/Chromium/Iron Alloys



Layer Depth (fjm)As can be seen from Figures 4 and 5 the 
oxide thickness data from both the 
nickel/chromium/iron alloys studied 
(Incoloy 800 and Inconel 718) are very 
similar. EDX analysis showed that the 
oxide formed under all conditions was 
chromium rich, therefore both alloys will 
be discussed together. Figure 6 
demonstrates that within the accuracy of 
the experimental method there is no 
apparent dependence on oxygen 
concentration at any of the temperatures 
studied This is not suiprising since the 
alloys in question were designed to form Figure 4. 
stable protective oxides at high

The oxidation thickness for a range of 
temperatures and atmosphere conditions for Incoloy 800.

Figure 6. The effect of the amount of 
oxygen in the treatment atmosphere on 
the oxidation rate of high chromium alloys 
at 900°C.
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Figure 7. The oxidation thickness for a range of temperatures 
and atmosphere compositions for 60:40 brass.
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Layer Depth (yim)
Brass

It can clearly be seen from Figure 7 that 
the data obtained for 60:40 brass were 
erratic. This is probably due to the 
formation of zinc oxide during treatment 
that then volatilised making accurate 
measurement of either weight gain or oxide 
thickness difficult within the experimental 
design This dezincification is a common 
phenomenon in the heat treatment of brass 
that can only be suppressed by using highly 
reducing atmospheres. The only 
conclusion that may be drawn is that the 
use of non-cryogenically generated 
nitrogen in the heat treatment of brasses 
would be beneficial only in reducing 
dezincification not in eliminating the 
problem.

Aluminium

The data for the aluminium alloy selected 
are rather restricted as it would have 
melted at the higher treatment 
temperatures employed in the study.
However, it can clearly be seen from 
Figure 8 that at oxygen concentrations of 
0.5% and below there is no visible 
oxidation at any temperature It may 
therefore be concluded that non-cryogenically generated nitrogen can be used to protect aluminium alloys 
during heat treatment Figure 8. The oxidation thickness for a range of

temperatures and atmosphere compositions for aluminium 
Further tests annealing laige rolls of (LM13). 
aluminium sheet in a mesh belt furnace
concluded that although the results obtained using nitrogen containing 1% oxygen were satisfactory, they 
were borderline. Nitrogen containing 0.5% oxygen and below gave very satisfactory results indicating that 
non-cryogenically generated nitrogen can used as a protective atmosphere in aluminium annealing. In feet 
subsequent to this study, BOC Gases has installed several PSA (pressure swing adsorption) nitrogen 
generators for this application.

Temperature^

Titanium



It is difficult to measure accurately the 
thickness of the oxide layer in titanium as 
the metal is highly soluble in the oxide. 
However, EDX analysis showed that there 
was no significant oxygen diffusion beyond 
the visible oxide/metal boundary for the 
samples examined despite the presence of 
significant porosity extending beyond the 
boundary.

Figure 9 shows the oxide thickness data 
for titanium. It can cleariy be seen from 
this data that reducing the oxygen level of 
the treatment atmosphere can significantly 
reduce the amount of oxide formed 
Indeed the substitution of a non- 
cryogenically generated nitrogen 
atmosphere containing 0.5% oxygen for air 
can reduce oxidation by more than 90%.

Layer Depth (/jm)

% Oxygen

Figure 9. The oxidation thickness for titanium for a range of 
temperatures and atmosphere compositions.
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Figure 10. The relationship between oxidation rate and 
temperature for copper in a 3% oxygen atmosphere 
(R-square=0.96).

To test the validity of the data generated, 
the logarithm of the oxidation rate constant 
was plotted against the reciprocal of the 
temperature for 3% residual oxygen 
atmospheres. If the oxidation followed 
Wagner’s Theory of Oxidatiorf8), which is 
generally accepted as being applicable to 
the materials tested, a straight line 
relationship should be evident

Figures 10 to 12 show that for all 
materials for which sufficient data were 
generated, such a relationship is obtained 
with correlation factors greater than 0.92.



Oxidation rate constant (um^h)

1/Temperature K

Figure 11. The relationship between 
oxidation rate and temperature for 
titanium in a 3% oxygen atmosphere 
(R-square=0.98).

Figure 12 The relationship between 
oxidation rate and temperature for high 
Chromium alloys in a 3% oxygen 
atmosphere (R-square=0.92).
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Conclusions

1. For a typical heat treatment cycle the use of non-cryogenically generated nitrogen to replace air will 
reduce the oxidation of copper and titanium by 90%.

2. For short duration bright annealing of copper non-cryogenically generated nitrogen containing up to 
3% oxygen can be employed as a protective atmosphere.

3. Non-cryogenically generated nitrogen containing up to 1% oxygen can be used as a protective 
atmosphere for the bright annealing of aluminium.

4. The use of non-cryogenically generated nitrogen as a protective atmosphere in place of air can 
reduce dezincification during the treatment of brass.

5. Reducing oxygen levels to those typical of non-cryogenically generated nitrogen is of no benefit in 
the heat treatment of high nickel/chromium alloys in the temperature range studied.
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Traditionally aluminium and its alloys were annealed in air or 

atmospheres generated from the partial combustion of fuel 

gases. In many instances the use of such atmospheres can 

result in surface discoloration and toxic emissions, together 

with the risk of explosion. Because of these problems, high 

purity nitrogen is now the atmosphere of choice for most 

operators despite its cost at smaller sites.

Nitrogen with small amounts of oxygen (0.2% to 3.0%) can be 

produced at significantly lower cost than high purity, 

cryogenically generated nitrogen using noncryogenic 

separation techniques such as pressure swing adsorption (PSA) 

or membrane. The use of such nitrogen as an annealing 

atmosphere for aluminium alloy coils was explored to 

determine the maximum allowable oxygen concentration in 

nitrogen that would produce an acceptable surface finish. The 

initial testing was carried out on a laboratory scale followed by 

larger scale field trials. The effects of nitrogen purity on purge 

rates, furnace atmosphere profile, and coil surface were 

examined both in small and industrial scale practice.



A 200m3/h pressure swing adsorption 

nitrogen generator (PSA) under test at 

BOC Gases European Tectmcal Centre 

at Sheffield prior to its installation at 

a customer site.

The determination of the optimum oxygen concentration for aluminium coil annealing 
will enable the user to tailor an atmosphere composition and flow rate that will 
provide the maximum economic advantage from the latest noncryogenic nitrogen 
generation technology while maintaining quality.

Introduction Because of the discoloration and explosion problems associated with traditional air or 
exothermically generated atmospheres, high purity nitrogen is now the atmosphere of 
choice for most operators despite its cost at smaller sites where an on-site high 
purity nitrogen generator is not a viable option. This is particularly true for 
magnesium containing alloys where the degradation of surface quality in poor 
atmospheres is most acute.

In recent years, however, lower cost, lower purity nitrogen has become reliably 
available through advances in noncryogenic nitrogen generators [1], Such generators, 
while producing a lower cost product, leave some residual oxygen in the product 
nitrogen following its separation from the air but little else (Table 1). As the cost of 
the product is a function of its purity, it is most economical to use product with the 
maximum possible oxygen level conducive to the production of a high quality surface 
finish on the aluminium.

Table 1: Product gas analysis from a BOC Gases 

noncryogenic nitrogen generator.

Oxygen 3% to 0.05%

Moisture Dewpoints -70oC or <2vpm H20

Carbon dioxide <0.2vpm
Hydrocarbons Not detected

Nitrogen (with >0.8% argon) Balance

This paper reports the results of trials aimed at determining this maximum oxygen 
level particularly for the more oxygen sensitive magnesium containing aluminium 
alloys. The trials ranged from small scale oxidation studies, through small scale 
laboratory trials with test coils of strip, to full scale industrial practice.



Small scale oxidation studies

Figure 1: The oxidation thickness for a range 

of temperatures and atmosphere compositions 
for aluminium (LM13).

Small scale laboratory trials

Figure 2: Temperature profile used 

for lab scale testing.

As part of a larger study into tlie oxidation of many ferrous and non-ferrous alloy 
systems [2,3] samples of aluminium were treated in various nitrogen/oxygen 
atmospheres for a fixed time at 200 and 500°C. The thickness of the oxide layer 
produced was measured using scanning electron microscopy.

As can be seen from Figure 1, there was little difference in oxide thickness for oxygen 
levels with the alloy used. The atypical result obtained at 500°C and 3% oxygen was 
probably caused by water contamination as the morphology of the oxide formed was 
different from the remaining samples. It may be concluded that within the range 
tested, providing that the atmosphere is dry, there is no significant increase in 
oxidation rate with increasing oxygen for the aluminium alloy studied and the pre
existing oxide layer is protective.

TFiese studies were too crude to detect the minor changes in oxidation 
characteristics that may result in coil staining in a production environment. Also, as 
the samples were cleaned as effectively as possible prior to the treatment, the effects 
of the presence of oil were not determined.

TFiese trials were designed to imitate as closely as possible tFie conditions in an 

industrial scale, low temperature, coil annealing operation, as it was anticipated that 
oil staining would occur more frequently at lower temperatures.

Time (hours)



Initial testing of non cryogenic nitrogen for aluminium annealing was performed on a 
small scale at a commercial heat treating shop in the USA using a 1220mm diameter 

bell furnace. The coil was a 3004 alloy containing 0.5 wt% magnesium and weighed 
approximately 100kg. The strip was 200mm wide and 1mm thick and was coated with 
a blend of "heavy and light" rolling oils. A simulated noncryogenic atmosphere was 
generated by blending oxygen into a high purity nitrogen stream. The heating cycle 
used for the testing is shown in Figure 2. The atmosphere was sampled both prior to 
injection and from the furnace itself during the heating cycle to verify uniformity of 
the oxygen concentration. Following testing, the coil was unrolled and examined 
visually for signs of oil staining and magnesium oxidation.

These small scale tests were performed at three different oxygen concentrations 
(0.2%, 0.5%, and 1.0%) to determine at what concentration oil staining would occur. A 
purge time of one hour was required to completely replace the ambient air with the 
desired nitrogen/oxygen mixture. The purging was carried out with the circulation 
fans turned off but in each cycle when the circulation fans were turned on the oxygen 
concentration rose some 2000 ppm. The leak was believed to come from the seals 
on the circulation fans, which expanded and sealed at temperature. The air leak 
scaled itself when the furnace temperature was above 175°C. The initial purge flow 

rate was used throughout the cycle in order to maintain proper mixing of the 
simulated noncryogenic nitrogen atmosphere.

0.2% oxygen
The furnace atmosphere was continuously analysed during the purge and thermal 
processing. After the initial purge the furnace atmosphere composition was nitrogen/ 
0.2% oxygen, during thermal processing up to 175°C, because of the fan seal leak, the 
atmosphere composition was nitrogen/ 0.4% oxygen. When the fan re-sealed the 
atmosphere purged back to nitrogen/ 0.2% oxygen. After testing the coil was visually 
examined for oil and magnesium staining. The coil showed no stains and was 
comparable to coils annealed in high purity nitrogen.



Industrial scale tests - 
South America

0.5% oxygen
For the second cycle the oxygen level was raised to 0,5%. After the purge the furnace 
atmosphere composition was nitrogen/ 0.5% oxygen. As with the previous cycle, 
during thermal processing up to 175°C the oxygen level rose by 0.2% to 0.7% oxygen 
and following the sealing of the fan the atmosphere purged back to nitrogen/ 0.5% 

oxygen. After testing the coil was visually examined for oil and magnesium staining.
The coil again showed no stains and was comparable to coils annealed in high purity 

nitrogen.

1.0% oxygen
The injected atmosphere was changed again to contain 1 % oxygen. After the purge 
the furnace atmosphere composition was nitrogen/ 1.0% oxygen. During thermal 
processing up to 175°C the oxygen once more rose by 0.2%, following the sealing of 
the fan the atmosphere purged back to nitrogen/1.0% oxygen. This test run had a 

problem during heat-up; the furnace controller malfunctioned and reached only 
215°C. The test was still considered valid, since oil staining generally occurs at lower 
temperatures. After testing the coil was visually examined for oil and magnesium 
staining. The coils showed no signs of magnesium staining, as this generally occurs at 
higher temperatures, but a faint shadow of oil residue appeared on the centre of the 
strip. This condition was considered acceptable but was not of the same quality as 

that produced under high purity nitrogen.

Following successful laboratory scale testing, the tests were repeated on a 
commercial scale furnace in South America to determine if the use of impure 
nitrogen was acceptable in a production situation. Due to time constraints and 
furnace availability only two tests could be performed in addition to pure nitrogen at 
oxygen contents of 0.5% and 1.0%.

The furnaces used were rail car loaded box furnaces. The furnaces are capable of 
holding six coils, generally weighing 5 tonnes/coil. The coils tested were a 3003 alloy 
1070mm wide; five coils were 1.9mm thick strip and one was 0.48mm thick strip. The 
surfaces of the coils were coated with a kerosene and oil mixture. They were loaded 
two wide by three deep on the rail car vertically like wheels. The furnace was 3m 
wide, 4m high, and 6m deep, giving a total internal volume of 72m3. The volume of 
the coils was calculated to be approximately 11m3, leaving an atmosphere volume of 
61m3. The furnace contained three atmosphere circulation fans 1.5m in diameter. 
There are six atmosphere inlets two located symmetrically on either side of the 
circulation fans. There are three atmosphere exhaust ports located along one top 

side of the furnace.

The low purity nitrogen atmosphere was simulated by bleeding oxygen into the 
furnace nitrogen lines. Oxygen flow rate was controlled by orifice plates and 
measured differential pressure. The inlet oxygen concentration was then monitored 
prior to injection into the furnace, approximately 7.5m down stream of the mixing 
station. In order to ensure that the atmosphere was completely replaced by the 
desired oxygen concentration as well as to determine if the oxygen impurity would 
have an effect on the required purge time, a four hour purge time was used. Purging 
was carried out with the atmosphere circulation fans off at a flow of 100m3/h. At the 
end of the four hour purge the atmosphere flow rate was reduced to 70 m3/h for 
processing. The load was then processed under existing operation procedures. The 

heating time required to reach 530°C was dependent on the operator and ranged 
from 4 to 6 hours during these tests and was followed by a two hour soak at 
temperature after which the load was removed from the furnace hot to air cool. The 
coils were then unrolled and visually evaluated for surface finish/staining during 

subsequent cold rolling operations.



0.5% oxygen
Figure 3 shows the atmosphere profile for the complete furnace cycle. The first 240 
minutes of the plot represents the purge and the oxygen decay is typical of this type 
of furnace. At 240 minutes there is a rapid increase in dew point. This is the point at 
which the atmosphere circulation fans were turned on and a small leak was suspected 

at the water cooled fan shafts.

Figure 3: Atmosphere profile d 0.5% oxygen trial.
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In order to closely examine the effect of heating the load on the oxygen content in 
the furnace Figure 4 shows the atmosphere profile only during heating of the work 
load on an expanded scale. It can clearly be seen that there was a decrease in oxygen 
concentration in the furnace during processing. The oxygen concentration dropped 
well below tire 0.5% oxygen contained in the simulated noncryogenic nitrogen to a 
minimum of approximately 500 ppm. At almost the same time the dew point reached 
a maximum of -2°C. This would indicate that a reaction occurred between the oils 
and the oxygen. This view was reinforced by the observation that no oil condensation 
occurred in the sample lines above its volatilisation temperature of 208°C as had 
been the case during previous high purity nitrogen cycles. The dew point rise can 
therefore be attributed to two mechanisms: first, the leak at the fans, and second, the 
reaction of the oils. The drop in oxygen level was not observed in the small scale 
tests probably due to the relatively high flow rates used in those trials.

The results of the 0.5% oxygen test were positive. The coils showed no oil staining 
on either tFie edges or tFie centre of the coils. Both the 1.9mm and 0.48mm thick 
coils were acceptable to the customer.



1.0% oxygen
The same trends observed in the 0.5% oxygen trial were observed in the 1.0% 
oxygen trial. The purge was completed in the same time as in the 0.5% oxygen test as 
indicated by Figure 5. Again the initial 240 minutes of the plot shows the typical 
exponential oxygen decay associated with purging. As in the previous trial the dew 
point showed an instant increase when the circulation fans were turned on at the 
start of the heating cycle.

When evaluating the heating cycle only (Figure 6), a drop in oxygen concentration 
below the 1% that was being introduced into the furnace was again noted. On this 
occasion the minimum oxygen level observed was 0.3% and the maximum dew point 
was approximately -8°C.

The result of the visual examination of the coils annealed in 1.0% oxygen showed oil 
staining. The staining occurred on the edges of the coil face and had a wavy shape 
that rarely extended more than 75mm from the edge of the coil. This condition was 
unacceptable to the customer, although the dark brown staining, that was known to 
occur when there were major air leaks was not observed.

As a result of the trials, the company involved installed a BOC Gases PSA (pressure 
swing adsorption) nitrogen generator capable of generating the required volume of 
nitrogen at a purity of 99.8% to replace the existing high purity liquid nitrogen supply. 
The 99.8% purity, which gave approximately 40% saving over high purity nitrogen, was 
chosen to allow for an operating safety margin. Further savings of 10% could have 
been made using 99.5% but at the cost of reduced operational flexibility.

Figure 6: Atmosphere profile of 1.0% oxygen 
during heating cycle.



Purging efficiency
It can be shown that for purging a well mixed oxygen rich space of volume (v) using 
impure nitrogen with oxygen concentration (Cp) at a flow rate (q) the oxygen 
concentration (C) at time (t) is related to the initial concentration (C0) by the 
equation:-

C = (Co - Cp ) exp-<^v) + Cp (1)

Thus, as the purging rate for each trial was known, it was possible to derive the 
theoretical purge flow rate required if mixing were optimal, from the slope of the 
curves of Ln(C - Cp) v t as shown in Figure 7. This calculated purge flow of 78.9m3/h 
for the 0.5% oxygen trial and 87.6 m3/h for the 1% oxygen trial is an average 17% less 
than the actual flow indicating that flow stratification and/or dead spots existed in the 
furnace causing non-optimal purging. This variance is typical of those determined 
elsewhere for the purging of large furnaces containing loads [4],

Figure 7: Purge rates for both 1.0% and
0.5% oxygen trials.

—♦—0.5% Oxygei
—1% Oxygen

q/v = .02157/min 
g = 78.9m3/hq/v = .02393/mm. 

q = 87.6m3/h

Industrial scale tests - Australia
Noncryogenically generated nitrogen, on this occasion derived from a membrane 
system, has also been installed at Alcoa Rolled Products division at Geelong,
Australia. The furnaces were of a similar type to that used for the South American 
trial but had previously used an atmosphere generated exothermically from a 
hydrocarbon fuel gas. The change from a flammable to an inert nitrogen based 
atmosphere was prompted by the requirement to reduce maintenance costs and the 
risk of explosion which needs to be closely managed with this type of furnace 
environment. It was, however, a requirement of the change that there was no 
reduction in quality of the high magnesium alloys which oxidise in the dry air 
atmosphere used for the remaining products.

It was established that an atmosphere containing 0.5% oxygen produced the required 
surface finish with no risk of explosion.

Conclusions On a lab scale, nitrogen, with small amounts of oxygen impurity, has been shown to 
be acceptable for treating alloys containing up to 0.5 wt% Mg. The minimum nitrogen 
purity that prevented oil staining on a commercial scale was 99.5%. The critical purity 
lies between 99.5% and 99.0%. Although, due to time constraints during this 
evaluation, the absolute cut-off could not be determined, this is not considered 
important as some degree of safety margin will always be used in commercial 
practice.

The use of lower cost, lower purity, noncryogenically generated nitrogen for 
aluminium coil annealing has been successful demonstrated on a commercial scale for 
3003, 3004 and 5182 alloys.
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The Effect of Adventitious Oxygen on Nitrogen Inerted 
IR Reflow Soldering with Low Residue Pastes*
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BOC Ltd, Baildon, West Yorkshire, England 

**BOC Group Technical Center, Murray Hill, New Jersey, USA 
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ABSTRACT —The benefits of Nitraclean I nitrogen inerted reflow soldering are well documented. However, there has been 
some debate as to the maximum oxygen level that can be tolerated by different types of paste if those benefits are to be 
realised It is demonstrated that, for all paste types, solder balls decrease and the spread factor increases with increasing 
oxygen level, but that it has little effect on either joint strength or microstructure. It is concluded that for RMA pastes a maximum 
oxygen level of 1000 ppm is required and that for low residue pastes the level needs to be reduced to 200 ppm for optimum 
results.

INTRODUCTION

The benefits of using Nitraclean If nitrogen inerting in infra-red reflow 
soldering are well documented.1 Reductions in board discolouration,2 
decreases in defect rate3 and improvements in board cleanliness and ease 
of cleaning4 have all been reported. There has, however, been some debate 
as to the level of adventitious oxygen that can be tolerated before 
significant degradation of benefits ensues. Some workers have suggested 
that oxygen contents below 5 ppm are required5 for optimal results while 
others have suggested that similar results can be achieved in air with good 
housekeeping and the correct paste.6

Recent work with mildly activated and rosin based low-residue pastes 
has shown significant differences between paste types with regard to the 
maximum adventitious oxygen level needed.7 This investigation explores 
those differences with regard to commercially available low-residue 
pastes designed for use in an inert atmosphere and compares them with 
conventional ‘no-clean’ paste.

EXPERIMENTAL PROCEDURES

The performance of all the solder pastes tested in nitrogen inerted infra
red reflow is very good — so good in fact that, for many of the parameters 
to be measured, the errors in the standard test procedures are large enough 
to mask the differences between pastes. Therefore, for several of the 
parameters under test, new or modified test procedures were developed 
which were more sensitive measures of those differences.

Where such tests were used, the standard and modified test procedures 
are described and, where possible, conclusions are drawn as to the 
comparability of data produced by the two methods.

All the samples were reflowed in a BTU infra-red reflow oven. The 
same atmosphere flow-rate was used throughout and the different oxygen 
levels were produced by doping nitrogen whth the necessary amount of air.

SOLDER PASTES

There are many ‘no-clean’ solder pastes on the market, all of which 
meet the standard surface insulation resistance (SIR) requirements after 
reflow. Four solder pastes were chosen for this study and their 
characteristics are shown in Table I. BX32,703C and SE-5N100 require 
the use of a nitrogen reflow atmosphere, as specified by the paste 
manufacturers.

Table 1
Characteristics of the Selected Solder Pastes

Paste Producer Flux Type Particle Geometry Recommended
Atmosphere

RMA l Nihon
Superior RMA Spherical 25-46 pm Air

703C

SE-5N100

Senju

Koki

Low Solids

Low Solids
RMA

Spherical 10-53 pm

Spherical 20-40 pm

N2 with 
<1000 ppm 02

Nitrogen

BX32 Multicore Low Solids
Synthetic Resin Spherical 25-38 pm Nitrogen

The amount of benign residue remaining on the board after reflow is 
difficult to assess quantitatively. However, visual assessment showed 
RMA-1 to produce the most and BX32 the least by a significant margin.

A comparative study of the residue produced by BX32 and a typical 
mildly activated rosin based paste has been reported elsewhere.8

SOLDER JOINT STRENGTH

A test method was designed to measure the soldered strength of the 
joints. Segments of 24-gauge copper wires (0.55 mm diameter), with one 
end polished and cleaned, were vertically reflow soldered onto clean 
copper plates. The pulling force (in kilograms) needed to break the joints 
was recorded with a force gauge. An average of 10 wires for each paste, 
under each reflow atmosphere, were tested to obtain the values and the 
results are summarised in Figure 1 where strength is plotted as a function 
of the oxygen concentration.

A
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Fig. 1 Solder joint strength as a function of oxygen concentration for 
a range of solder pastes.

It was expected that the solder joint strengths would decrease with 
increasing oxygen concentration in the reflow atmosphere due to increased 
oxidation of copper wires and subsequently poorer wetting. The 
experimental results, however, shtrwed very little influence except for the 
non-rosin type BX32 pastes, which exhibited some incomplete wetting at 
higher oxygen levels. This indicates that rosin effectively protected the 
areas to be soldered. There might be slight differences in copper wetting, 
which would stand out more with the spread factor test, but there was little 
effect on the solder joint strength.

SOLDER BALLING

The conventional solder hall test, IPC-SP-8I9, is performed by 
stencilling solder paste in 6.5 mm diameter circles onto a ceramic board, 
usually an alumina plate. After reflow, most of the solder forms one sphere, 
leaving small solder balls surrounding the sphere to be counted. With this 
method, solder balls after reflow often relate to non-ideal stencilling.

’'This piper was presented at the BABS Autumn Conference, ‘The Joining Knvironroenl’, 
held in Coventry. England, in October 1992.
^Nitraclean is a trademark of BOC Ltd.



causing separale solder particles away from the circle. Additionally, since 
solder cannot wet alumina at all. the molten sphere ‘travels' during reflow 
as a result of belt vibration. The extreme case of spheres rolling off the 
alumina plates occurred frequently. The number of solder balls may also 
relate to the history of sphere travelling which may have resulted in 
coalescence. Furthermore, as the prime motivation was to study the 
atmosphere effects, and the solder ball test conducted using this method 
was inconclusive, it was decided to employ a sensitive, but less common, 
test developed by a BOC Group customer.9

For this lest, the parallel-line pattern PCBs shown in Figure 2 were 
used. The solder pastes, however, were cross-track stencilled onto the 
PCBs (a large quantity of solder paste is on the solder mask), as shown in 
Figure 3(a). After reflow, most of the solder on the PCBs was pulled back 
to the unmasked lines due to surface tension, as shown in Figure 3(b). The 
number of solder balls on the solder mask was counted under an optical 
microscope.

Fig. 2 Parallel-line pattern PCB used for spread factor and solder 
ball tests.

Fig. 3 (a) Test PCB after cross-track stencilling with solder paste for 
the solder ball test, (b) PCB after reflow.

Results previously reported for BX32 paste8 agreed well with the 
results obtained in the modified test, although the absolute values are 
obviously not comparable.

It is worth mentioning that this solder ball test method provides 
practical information. For packages with rows of fine pitch leads to be 
soldered, proper paste stencilling becomes a difficult task. Instead of 
having a stencil with the same fine pitch openings to match the solder 
pads on the PCBs, line openings across these row pads (continuous solder 
paste lines that bridge the fine pitch solder pads) were often used to ease 
the stencilling problem. This method then relies on solder paste to break 
open at all the spacings during reflow.

The experimental results are shown in Figure 4. Surprisingly, the solder 
ball formation showed huge differences among the pastes. BX32 had the 
fewest solder balls, and was independent of the oxygen concentration up 
to 19b, where incomplete wetting was observed.
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Fig. 4 Solder ball count as a function of oxygen concentration for a 
range of solder pastes.

RMA-1 had more solder halls than BX32, and was also independent of 
the oxygen levels up to 1%. The number of solder balls then increased 
sharply with increasing oxygen content. 703C and SE-5 both had high 
numbers of solder balls when reflowcd under undoped nitrogen. Both 
remained virtually independent of oxygen concentration up to 1000 ppm, 
and worsened rapidly with increasing oxygen levels.

Leaving fewer solder balls is definitely desirable, but the size of solder 
ball is another important consideration. One large solder ball, or clustering 
of a number of small solder balls, might cause a shorting problem. 
Although BX32 left considerably fewrer solder balls than other pastes, 
their size was relatively large. Information obtained from a user indicated 
that there would be serious concern only when the diameter of these micro 
solder balls exceeded 0.03 mm. No test method to investigate the solder 
ball size issue was available, and it was therefore decided not to address 
this problem.

SPREAD FACTOR

The conventional spread factor test, IPC-SP-819, is carried out by 
stencilling a 6.5 mm diameter circle of solder paste onto clean copper 
plate, using a stencil 2.5 mm thick. After reflow, the diameter and height 
of the solder fillet are measured, and the spread factor is calculated from 
the formula:

((D-H)/D) X 100%
where D is the diameter of an equivalent sphere made out of the solid 
content of the solder paste, and H is the height of reflowed solder. The 
amount of solder paste applied is critical in this case. Furthermore, the 
height of the solder fillet may vary, as an asymmetrial surface can be 
produced after washing off the residue. Uncertainties are therefore 
encountered in determining the spread factors.

It is also possible to calculate the spread factors by measuring the 
diameter of the reflowed solder circle. Since reflowed solder does not wet 
the copper plate to form a perfect circle, a number of measurements are 
averaged to obtain the diameter. This method must, therefore, also be 
considered unsatisfactory.

With either method, the differences are very small and measurement 
uncertainties often mask them out. A new test was therefore devised 
which simplified the measurements and hence reduced the uncertainty. 
The same parallel-line pattern boards used for the solder ball testing 
(Figure 2), with 25 mil line width and 50 mil spacing, were employed.

Solder paste deposits of 10 mm lengths were stencilled onto the centre 
of the copper lines, using a hard squeegee to achieve equivalent amounts 
of solder, as shown in Figure 5(a). During reflow, solder could only wet 
the surface in the lengthwise direction, since the edges were limited by the 
solder mask. After reflowing, as shown in Figure 5(b). the solder lengths 
were measured, and their ratios to the original length (10 mm) calculated 
to give the spread factors.

Again, the results obtained using this technique were compared with 
those previously reported for BX328 and, although the two sets of data arc 
not directly comparable, the trend is the same.

The results for all the fluxes tested are shown in Figure 6. Bach value 
represents an average of measurements with 20 lines. Differences between 
the 20 measurements were small, which indicated the validity of the 
method. As seen in the figure, BX32 has the smallest spread factor. It is 
almost constant with oxygen concentration below 1000 ppm. with values 
slightly above 100%, but drops off rapidly above 1000 ppm oxygen with



a spread factor of only 93% at 3% oxygen. This is not surprising as 
BX32 is known to have difficulty in wetting copper pads.®

Fig. 5 (a) Test PCB after stencilling with solder paste for the spread 
factor test, (h) Test PCB after reflow.
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Fig. 6 Spread factor as a function of oxygen concentration for a range 
of solder pastes.

The remaining pastes gave broadly similar results, with spread factors 
constant at around 106% below 1% oxygen but falling away above that 
level. None of these pastes, however, gave a factor below 100% even 
when reflowed in air. SE-5 showed some of the characteristics of BX32, 
with a reduction in spread being ev idem above 1000 ppm. This result may 
have been expected as both pastes were designed for use in low oxygen 
atmospheres.

Although there are no dramatic effects on spread factor as a function of 
oxygen concentration, spread factors do decrease in each case with 
increasing oxygen levels. This result supports a claimed benefit of 
nitrogen reflow soldering.

However, the lack of sensitivity of the modified test was disappointing. 
It had been noticed during the solder ball experiments that, with cross- 
track stencilling, solder at the spacings was pulled back to the copper 
tracks during reflow and sometimes ran along the tracks, depending on the 
spreadability. An example of this is demonstrated in Figure 7, where a 
comparison of RMA-1, reflowed in undoped nitrogen and air, is made.
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Fig. 7 A comparison of RMA-1 paste cross-track stencilled, then 
reflowed in (a) nitrogen and (b) air.

There were few breaks when the board was reflowed in nitrogen, and 
almost all openings remained when rctlowed in air.

Since the openings between solder paste are small, better spreading

results in fewer openings. Therefore, the number of openings left after 
reflow gives a measure of the spread factors. Figure 8 shows the result of 
this measurement. The results for BX32 were not included because all 
openings stayed open, even in undoped nitrogen.

___

100 1,000 10.000 100.000 1.000.000 
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Fig. 8 Number of line breaks as a function of oxygen concentration for 
a range of solder pastes.

SE-5,703C and RMA-1 displayed only a few breaks before the oxygen 
concentration in the reflow atmosphere reached a critical point. Beyond 
this point, spreading of solder failed to cover the openings, and the 
number of breaks increased sharply. This result, while not surprising, did 
confirm that nitrogen reflow soldering is beneficial with regard to 
improvements in spread factor.

MICROSTRUCTURE OF SOLDER JOINTS

The solder joint cross-section examination was carried out following 
the conventional procedure. The spread factor test samples were cut 
perpendicular to the soldered lines, mounted and polished. For optical 
microscopy work, dilute acid was used as the etching solution, and an 
optimum etching time of roughly 10 seconds was obtained. Features like 
porosity and the sizes of islands with different appearance were compared.

Scanning electron microscopy (SEM) was carried out on selected 
samples to obtain better resolution of the microstructure, and chemical 
analyses of the feature areas. A comparison was made of the microstmcnires 
of solder reflowed in different atmospheres. There was no general trend 
in differences in the microstructural features with incremental oxygen 
level changes. The microstructure of solder seemed to be finer and more 
homogeneous when reflowed in nitrogen, however. Individual examples 
are cited to demonstrate this effect.

The microstructure of BX32 paste re flowed in pure nitrogen is very 
different from that reflowed in nitrogen containing 1% oxygen, as shown 
in Figures 9 and 10. Not only are the features distributed more uniformly.

Fig. 9 BX32 reflowed in nitrogen: (a) SEM micrograph (X2000); 
(b) EDX analysis of feature A: (c) EDX analysis of feature B.



Fig. 10 BX32 reflowed in nitrogen with 1% oxygen: (a) SEM 
micrograph (X2000): (h) EDX analysis of feature A; (c) EDX 

analysis of feature B.

but the appearance of these features differs distinctively. The chemical 
analyses of the features indicate severe segregation of tin/lead. It was 
thought that the segregation was mainly temperature dependent^ 
Apparently oxygen also played an important role in the case of BX32 
paste. One possible explanation is that solder particles are not as well 
protected as the KM A type flux, and thus become oxidised to some extent 
when oxygen is present. A surface oxide layer could greatly influence the 
segregation kinetics.

Another example, for RMA-1 paste, is shown in Figure 11. Again, a 
more uniform microstructure is observed for the sample reflowed in 
nitrogen. It should be noted that large patches of the lead-rich phase — the 
white portion at the upper left comer of micrograph (b) of the Figure —are 
absent from (a). The lead-rich phase has been reported as a weaker 
phase.10

Fig. 11 SEM micrograph of RMA l pastes reflowed (a) in nitrogen: 
(h) in air.

5 Vandermeiren. M., ‘Soiderability under an Inert Atmosphere: A 
Comparative Study’, SMARTEX ’90, London, UK (1990).

6 Wojick. G., ‘No clean Solder Pastes’, ‘New Developments in 
Soldering for Electronics (XXVIth Tinday). Paris, France (1991).

7 Lea, C.. ‘Relationship between Oxygen Level in an Infra-red Reflow 
Oven and Soldering Quality’. NPL Seminar ‘Controlled Atmosphere 
Soldering’, London, UK (1991).

The microstructure of 703C is shown in Figure 12 for comparison. The 
structure did not vary much up to the maximum oxygen level specified by 
the manufacturer (1000 ppm). Chemical analysis of features A and B 
indicated almost pure lead and tin respectively.

Fig. 12 703C reflowed in nitrogen: (a) SEM micrograph (X2000): 
(h) EDX analysis offeature A: (h) EDX analysis of feature B

CONCLUSIONS

With respect to solder joint strength. Multicore’s paste with low- 
residue synthetic resin flux (BX32) showed the highest dependency on the 
reflow atmosphere oxygen levels. The conventional RMA flux type 
pastes showed the least dependency, and the low-solids RMA pastes also 
showed only slight dependency. There is therefore little argument for a 
significant atmosphere effect on strength variations.

With regard to solder balls, the results were conclusive. Each paste 
showed an obvious increase in solder balls when the oxygen levels 
exceeded certain limits. These limits were less than 1% for low-solids 
RMA pastes, and 3% for the conventional RMA pastes. This may be an 
important factor in the use of nitrogen inerted soldering.

With regard to spread factor, results indicated a gradual decrease, for 
each paste, with increasing oxygen concentration. Dramatic improvement 
in solder welting was demonstrated for solder reflowed in nitrogen 
compared with air. As wetting is an important factor, this is a significant 
advantage of nitrogen reflow.

Variations in the microstructure of solder reflowed in atmosphere 
containing different oxygen levels were observed. In general, the 
microstructure of solder was finer and more homogeneous when reflowed 
in lower oxygen levels.

Overall, therefore, it may be concluded that for the more active, and 
hence higher residue pastes, there is little benefit in reducing the oxygen 
content of the reflow atmosphere below 1000 ppm. However, for the less 
active, very low residue pastes designed for nitrogen reflow an oxygen 
content below 200 ppm is required.
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The use of nitrogen-carbon dioxide mixtures
to minimise inerting gas consumption

in wave soldering machines

bx

P. F. STRATTON, S. M. ADAMS and N. SAXENA

Introduction

It is now well accepted that the inerting of wave soldering machines is beneficial both in terms of dross 
reduction and quality improvements1. It has been shown that to gain maximum benefits with regard to 
quality it is necessary to minimise the oxygen level at the wave. Although the same is true of dross 
reduction, a higher oxygen level can be tolerated and still yield satisfactory results2.

Many techniques have been introduced to minimise the amount of inerting gas required to achieve the 
required oxygen level in a given enclosure3 \ However, little has been done to exploit the differing 
physical properties of the inert gases available to achieve this end

This paper shows that despite a reduction in the overall gas consumption that can be achieved from 
the use of gas mixtures, the relative economics of using them is not favourable for this application.

Inert Gases

A wide range of inert gases is available commercially and a list of some of their properties together 
with an approximate relative cost is shown in Table 1. In respect of soldering atmospheres, carbon 
dioxide may be considered an inert gas and other workers have obtained satisfactory results using it to 
inert wave soldering machines 6.

TABLE 1

Properties of commercially available inert gases compared to Air

Air Helium Neon Nitrogen Argon Carbon Dioxide Krypton
Density (Kg/m3) 1.21 0.17 0.842 1.17 1.67 1.85 3.51

Thermal Conductivity 
0*W/cm.°C)

255 1484 455 241 162 162 86

Cost Relative to Nitrogen - 200 2500 1 6 2 1200

As the cheapest inert gas available, nitrogen is the obvious base gas to use in any mixture. While it 
would be preferable to use argoa which is inert in all circumstances, to provide the higher density gas



to mix with nitrogen, it was not considered on the grounds of cost The same considerations 
eliminated the rarer inert gases.

Modelling

The modelling studies were canied out using die FLUENT finite volume analysis package and 
simulated a simplified wave soldering machine enclosure. Uiese studies showed the importance of the 
slope in wave soldering machines in generating a chimney effect and the importance of tlie density of 
the inerting gas relative to air.

Figures 1 to 3 show the detailed flow pattern and oxygen concentration in the exit end of a cross 
section of a wave soldering machine retrofitted with an enclosure to make it suitable for inerting. The 
inerting gas is introduced above the wave in the raised section and close to the board exit It is heated 
by flie solder pot from below. The exit end, in this example, is lower than the area over the solder 
pot The arrows indicate the velocity and direction of the gas flow at that point Larger arrows 
indicate higher velocity. The density of the background indicates the oxygen concentration at that 
point Black indicates the absence of oxygen, lightening as the oxygen level rises.

Figure 1 shows a soldering machine being inerted with nitrogen. It is clear that a chimney is being 
fomied with the lighter heated nitrogen leaving from tire higher exit end of tire machine, drawing air in 
at the entry end Figure 2 shows tire same situation using carbon dioxide as tire inerting gas. Under 
these circumstances the heated carbon dioxide is still heavier than air and thus fells towards the entry 
end of the enclosure, pulling in air at fire exit This is a worse situation than for nitrogen inerting as, in 
practice, the important solder pot ar ea is usually much closer to tire exit than the entry.

Neither situation is ideal. Optimum results should be obtainable by using a mixture of gases. Any 
mixture of nitrogen and carbon dioxide can be considered, since both gases are non-reactive at 
soldering temperatures. For this mixture, the buoyant force is equal to (Pg>T - Pa>3o0K)*g where PgjT is 
the average inert gas density in fee muffle, P^ook is fee ambient air density at 30(MC and g is the 
acceleration due to gravity. For an ideal gas mixture at atmospheric pressure,

Pg.r = P Mav/R/T [1]

Mav = (l-y)MN2 + yMCo2 [2]

Where R is tire universal gas constant, T is fee exit temperature of the gas mixture and y is fee 
proportion of carbon dioxide in tire mixture. Assuming fee temperature of the gas exiting from Are 
muffle to be about 120tiC (393tiK), the mole fraction of carbon dioxide required to have the hot gas 
density equal to that of ambient air carr be determined.

It was thus calculated that a mixture of 50% nitrogen and 50% carbon dioxide would approximate to 
fee density of room temperature air and thus provide maximum stabifity. A model of such a system is 
shown in Figure 3. which confirms fee theory.



Figure 1 Board exit end of wave soldering retrofit with a 
nitrogen flow of X(X) scfh. Parker regions show areas 
having 100 ppm oxygen or less.

Figure 2 Board exit end of wave soldering retrofit with a carbon
dioxide flow of 800 cfh. Darker regions show areas 
having 100 ppm oxygen or less.

Figure 3 Board exit end of wave soldering retrofit with a 
nitrogen/53 % carbon dioxide flow of 800 cfh. Darker 
regions show areas having 100 ppm oxygen or less.



Practical Experience

To check the findings of the modelling, a series of practical experiments was undertaken using an 
Electrovert Econopak 229 12-15 wave soldering machine which had been fitted with an enclosure 
suitable for inerted soldering. A schematic representation of the enclosure and the position of the gas 
injection points used, is shown in Figure 4. The unit was set up such that it replicated as far as possible 
production conditions. The curtains at each end raised approximately two inches above the level of 
the boards and the conveyor was running passing dummy boards over the active wave.

Figure 4 Inert gas enclosure and gas injection points

Gas injectors
Conveyor

Curtains

Sample point

The various gas mixtures were introduced into the enclosure via three porous injectors around the 
wave. The flowrates were adjusted to achieve oxygen levels in the ranges 9/lOppm, 90/98ppm, 
900/980ppm and 9000/9800ppm, at a point 3.5 centimetres above the wave on the centre line of the 
machine. For each gas mixture and oxygen level the flowrate distribution between die injectors was 
optimised to give the lowest flowrate.

Figure 5 Trie effect of gas mixture on the flowrate 
required to maintain a given oxygen level 

in nitrogen - carbon dioxide mixtures
Rowrate (scfh)

Oxygen (ppm)
% Nitrogen



The results, corrected to NTP, shown in Figure 5 are each the average of at least three expenments. 
The data show that a minimum flowrate is achieved in the range 45/55% nitrogen in die inerting 
mixture, in Rill agreement with the calculated result They also show that significant reductions in flow 
can be achieved if higher oxygen levels can be tolerated, particularly if a 50:50 nitrogen : caibon 

dioxide mixture is employed

Atmosphere Costs

Although the addition of 50% caibon dioxide to the nitrogen in the inerting atmosphere considerably 
reduces the flowrate required to maintain a given oxygen level, the additional cost of the caibon 
dioxide relative to nitrogen must be taken into consideration in any economic assessment

The economic analysis was based on a typical company using four wave soldering machines for 8 
hours a day, 5 days per week. Such a company would require bulk deliveries of both nitrogen and 
carbon dioxide to produce the required mixtures. The cost of both gases decreases as the amount 
delivered increases. Costs for the provision of all the mixtures at the flowrates required to maintain the 
various oxygen levels were calculated using market prices for the two gases. The results are shown in

Figure 6.

Figure 6 The relative cost of various mixtures of 
nitrogen and carbon dioxide required to 

maintain a given oxygen level

% Nitrogen

It can clearly be seen that in no case is the cost of the mixed gas lower than that of the 100% nitrogen 
atmosphere needed to maintain the same oxygen level although die differences are marginal, 
particularly at higher residual oxygen levels. Thus with the costs of industrial gases pertaining in the 
UK the use of a mixture of nitrogen and caibon dioxide is not economically advantageous even when, 
as in this study, the capital cost of the required high pressure gas mixing equipment is not taken into 
consideration. However, as the differences are small, the use of a different enclosure or shifts in gases 
costs at higher or lower flowrates may change this conclusion.

Another factor which must be taken into consideration with regard to the use of caibon dioxide as a 
soldering atmosphere is its toxicity7. Care must be taken to ensure that the 8 hour Occupational



Exposme level of 0.5% is not exceeded, particularly at ground level where dense gases tend to 
accumulate.

Conclusions

It has clearly been demonstrated that the incline of a typical wave soldering machine can lead to a 
chimney effect which tends to drag more air into the area of the wave, and that this effect can be 
counter balanced by the use of nitrogen/carbon dioxide mixtures to provide the inerting atmosphere. 
Experiments have shown that for a given oxygen level in the inerted enclosure the use of a 
nitrogen/carbon dioxide mixture, optimally a 50:50 mix, significantly reduces the flow required

hi file case studied tire reductions in flow achieved were not quite sufficient to counter the higher cost 
of carbon dioxide in the UK market place. However, this situation may be reversed with different 
gases cost structures pertaining elsewhere.
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ABSTRACT
The vast majority of electronic soldering today is carried 
out using eutectic or near eutectic lead/tin alloys.
However, due to pressure from threatened legislation in 
Europe, consumer and governmental pressure in Japan, 
and global market considerations in the US, there is a 
rapidly growing interest in lead-free soldering. It is 
generally acknowledged that the lead-free solders 
available offer a much smaller process window than 
lead/tin, related mainly to the higher soldering 
temperatures which naturally result from increases of 
liquidus temperatures of at least 30° C. Some results on 
the improvements made possible by using inert 
atmospheres are discussed in this paper; for example, 
testing in a nitrogen atmosphere by the National Physical 
Laboratory (NPL) has revealed clear benefits for merting 
the lead-free alloys, restoring the solderability to lead/tin 
levels, by enabling lower soldering temperatures.
However, there has been little testing over a range of 
oxygen levels in nitrogen and this is an important issue in 
determining nitrogen supply and oven costs. Some results 
are reported here from work by NPL conducted for BOC 
in which solderability was evaluated for tin/lead and 
tin/silver/copper eutectic alloys in a wetting balance over a 
range of oxygen levels form 10 ppm to 21% (air). The 
studies confirm that acceptable wetting times occur in 
inert atmospheres at soldering temperatures 20 to 30° C 
lower than are possible in air.

Keywords: lead-free, solderablity, wetting, inerting.

INTRODUCTION AND BACKGROUND 
Lead-free solders
Lead-free soldering has been a topic of increasing 
importance for over ten years. The degree and intensity of 
interest has varied with regulatory threats and with 
geographic location. Updates on the status of lead-free 
solders and soldering can most readily be found by 
consulting Internet sites maintained in particular by

industry groups like the IPC1 in the U.S.A. and Soldertec2 
in Europe.

It seems generally agreed that any movement to lead-free 
soldering is now largely market driven, although 
regulatory pressures still exist and will probably intensify 
if there is any slackening in commercial implementation. 
This implies that there will be emphasis of high volume 
production of consumer products without a high reliability 
considerations and so low cost manufacturing is essential.

Introduction of lead-free soldering into assembly requires 
the introduction of compatible, reliable and lead-free 
materials for solders for board finishes and for lead 
terminations into assembly processes that are compatible 
with available materials and not too different from current 
practice.

There are two main classes of lead-bearing solders used in 
electronics. One is the high lead, high melting point 
solders (such as 90-10 used for die attach, and for solder 
balls in some EGAs). There is no substitute in sight for 
these. The most prevalent solder alloys are based hi the 
tin-lead eutectic solder (melting at 218C) and are the basis 
of circuit board assembly as solders and as board and 
termination finishes. Lead-free materials for component 
terminations and for board finishes were available before 
any push to lead-free soldering. Additional interest has 
arisen in other possible finishes like pre tin, immersion 
silver and lead-free HASL. The main focus of 
development has been on lead-free solder alloys. In 
Europe and the US fairly measured approach has been 
followed since the early part of the 1990’s both by 
individual OEMs and by industry groups and consortia 
like ITRI, Soldertec, NEMI, IPC and NCMS. There has 
been a strong drive to single out as few alloys as possible. 
The work has tended to single out as a potential candidate 
substitute tin-silver-copper alloys close to the effective 
eutectic composition. In addition tin-copper eutectic
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alloys are listed as possible solders for wave soldering. In 
Japan, the driver has been marketing and a commitment 
to environmentally friendly manufacturing processes, with 
very aggressive timing (product in market place by 2000). 
This has placed a very strong emphasis on the ability to 
work with existing components and materials such as 
fluxes. A greater variety of alloys have been used, 
bismuth has been commonly added in the 2-3% range to 
improve solderability and lower the soldering 
temperature. Product has been built using tin-zinc alloys 
(with bismuth) - universally screened out in US studies. 
As recently as April 2001, it seems that the Japanese 
effort are continuing without any serious slippage in the 
time table and that all new consumer product will be lead- 
free by 2003. There is now interest in reducing the 
number of alloys used.

It seems then that the most important alloys on a global 
basis will be tin/silver/copper alloys around 3.0-3.5% Ag 
and 0.7% Cu. The exact amount will depend on patent 
status and a desire to keep silver low. For wave soldering 
lin/copper eutectic alloys (0.5-0.7% Cu) also 
recommended. Bismuth additions of 1-3% may be used in 
selected cases for solderability. However this introduces 
fillet-lifting problems for wave soldering. Other systems, 
which may see some use, are tin/silver and tin/zinc when 
melting temperatures below 200C are essential.

There is a great deal of work being done to establish the 
reliability of joints made with lead-free systems. However 
since these alloys are to be introduced for service without 
high reliability requirements it is more important at 
present to examine how manufacturing is going to be 
affected.

Impact on manufacturing
Candidate alloys like Sn-Ag-Cu all have melting points 
around 218-220 - about 35° C higher than the tin lead 
eutectic. Reflow temperatures for tin-lead are commonly 
around 220-225° C with a nominal “superheat” of around 
40° C. This superheat is in fact part of the process 
window for reflow, taking into accoimt different heating 
rates at different joint locations in a particular board. 
Similarly the pot superheat current for wave soldering 
with eutectic tin-lead is even higher - around 40-50° C. 
The problem when lead-free solders are used is that reflow 
temperatures of above 260° C are implied for the same 
superheat. These temperatmes are outside the ratings of 
many available components and boards. Newly qualified 
components, qualified to 250° C, will not be widely 
available until 2004. In addition, solderability appears to 
be less for these high tin alloys. The higher reflow 
temperatures for lead-free alloys will make the activation 
of current fluxes less effective and more likely to be lost 
during preheat.

There will be a strong drive over lire next few years to 
reduce the superheat for reflow when lead-free soldering 
is adopted using the high tin alloys. The narrowed 
process window resulting from this and from reduced 
solderability and reduced flux effectiveness may have 
adverse effects on process yields particularly for high 
volume consumer product. Similar considerations apply 
to wave soldering, although the situation may not be as 
severe. For wave soldering, dressing losses will be more 
expensive since the value of lead-free solders is expected 
to be 2-3 times that of current tin-lead solders. The case 
for using nitrogen when lead free soldering is adopted is 
likely to be strong since the ability of nitrogen inerting to 
widen the process window has been well established for 
lead-tin soldering. When examining the effects of 
inerting it is important to attempt to examine a range of 
residual oxygen levels since the degree of inerting 
required can have important consequences on cost. 
Oirrently, there is little actual production experience for 
lead-free soldering available to quantify any benefits. In 
the absence of this experience, current studies have 
concentrated on wettability or solderability.

Recent solderability studies
Recent work by NPL has shown the effect of reducing the 
superheat on solderability or wettability as measured by a 
wetting balance. In these tests, using standard 
procedures3, a specimen is forced into a bath of solder and 
the forces exerted on the specimen are measured and 
recorded. Initially the penetration is resisted by the 
buoyancy of displaced solder. If wetting progressively 
occurs along the perimeter of the specimen in contact with 
solder and the outside environment the force on the 
specimen can changes and reverses sign as the specimen 
is pulled into the bath, leading to the typical trace shown 
in Figure 1. The wetting force measured is related to the 
buoyancy and to both the surface tension of the liquid and 
to the wetting angle for a simple plate specimen.

Attractive Force = perimeter x cosine (wetting angle) x 
surface tension - buoyancy (density x displaced solder 
volume x g)

The instrument can also be used with a globule of solder 
rather than a bath and the specimen can be a single 
component lead - although in this case it is more difficult 
to obtain fundamental data. Generally results are used on 
a comparative basis for similar systems. As long as the 
balance traces are like those shown simple parameters can 
be compared. Typical parameters quoted are the force, F, 
or the maximum force (often uncorrected for buoyancy) 
for a standard test duration, typically 2 seconds, and the 
time, t, to reach 2/3 of this force - these parameters are 
quite reproducible. It has been found that data from 
wetting balance tests correspond to performance during 
soldering if machine parameters and conditions are



standardised. When absolute values of F and t are 
compared between different systems, some caution is 
needed. It is important to make sine that no abnormal 
features like de-wetting are apparent. Also, the value of 
the wetting force depends on both the surface tension and 
wetting angle; if the surface tension is higher, for example 
in Sn-Ag systems, larger wetting forces do not necessarily 
imply better wetting.

Standard fluxes, typically R flux (water white rosin), are 
used to evaluate solderability for standard tin-lead solders 
- in accordance with ANSI/J-STD-002. More generally, 
R flux correlates performance with low residue fluxes and 
R flux with 0.5% activation correlates with more active 
commercial fluxes.

Figures 2-6 show4 data obtained by NPL using a Multicore 
MUST II Solderability Tester, partly reported at APEX in 
2000. Measurements were made for both copper coupons 
and for SOIC leads with Sn-Pb and Pd/Ni finishes. The 
results showed that with activated fluxes tin-lead and tin- 
silver, tin-copper and tin-silver-copper performed 
similarly in wetting copper coupons when compared at the 
same superheat. Wetting times below 2 seconds were 
obtained at superheats above 20° C. There was no 
improvement in nitrogen (the purity was around 1000 
ppm oxygen). When R flux was used, all the lead-free 
alloys performed worse than Sn-Pb in air for all 
superheats. Much higher soldering temperatures are 
needed for lead-free alloys to get the same wetting times 
as lead-tin solder. In nitrogen, the solderability of the 
lead-free alloys was restored to the level for activated flux. 
When the solderability of SOIC 14 leads, finished with 
Pd/Ni, was evaluated in activated flux it was clear that 
these were less solderable in lead-free alloys - see figure 
6. However, using nitrogen restored the solderability of 
lead-free alloys back to that of tin-lead. Additional 
wetting balance work has been reported, see for example5.

CURRENT WORK
It was felt important to confirm this data and to define the 
level of inerting needed to get the improvements. The 
level of inerting requir ed can affect oven design, nitrogen 
consumption and in some cases the source and cost of 
nitrogen. A discussion of the importance of knowing the 
required level of inerting is given for example in6.

Procedures
In the current tests, NPL obtained some more detailed 
results for Sn-3.8Ag-0.7Qi alloy using again SOIC 14 
leads coated with Pd/Ni. The globule used was 200 mg 
on a 4 mm pin. The immersion speed was 1 mm/sec and 
the immersion depth was 0.1 mm. No preheating was 
done, hi these tests R flux obtained from Multicore, was 
used - in accordance with IEC 68-2-20. Data was 
acquired over a ten-second period. Testing was done in

an inerted glove box in which the oxygen level was 
controlled using Witt gas mixing equipment at levels of 7, 
12, 50, 500, 1000, 5000, 10,000, 30,000 ppm air, 210000 
ppm. Six measurements were made for each data point.

Testing was also done for wetting of copper coupons by 
Sn-Ag-Qi and by a benchmark Sn-40Pb alloy using the R 
flux. The coupons, with dimensions 25 x 12 x 0.1 mm, 
were immersed at 20 mm/second to a depth of 4 mm and 
data was collected over 10 seconds. No preheat was done. 
The coupons were cleaned before testing using the 
following technique: 3 minutes agitation in a ammonium 
persulphate solution, 15 seconds in acidified water rinse 
in IPA and air dry. The coupons were stored and tested 
within 24 horns after cleaning. Each data point represents 
5 tests. The residual oxygen levels used were: 5, 10, 50, 
500, 1000, 5000, 10000, 30000 ppm, and air (210000 
ppm).

Results
The wetting balance traces were all regular - similar to 
Figure 1 - and no de-wetting was observed. Results for 
the SOIC leads with Pd/Ni finish are shown as in Figures 
7 and 8. The data, presented as 3-dimensional plots, 
clearly shows the relative effects of higher superheat and 
low oxygen levels in increasing welling forces and 
reducing wetting times. It can be seen that the results are 
not much different from those reported earlier for 
activated flux - see Figure 6. For superheats above 40° C 
there is not much improvement from inerting, but at lower 
superheats, inerting restores the wetting times to an 
acceptable level of 2 seconds. It is useful to note that 
acceptable wetting times can be obtained as long as the 
oxygen level is below 5000 ppm.

The results for copper coupons are shown in Figures 9 and 
10 for Sn-Pb and Figures 11, 12 for Sn-Ag-Qi. For 
superheats below 30-40° C, nitrogen, with oxygen levels 
below 5000 ppm, is sufficient to give acceptable wetting 
times. It is interesting to note that compared at the same 
superheat values the lead-free and the tin-lead alloys 
perform very much alike in their response to nitrogen. 
The key point is that using nitrogen gives acceptable 
wetting time at low values (20-30° C) of superheat. By 
ensuring adequate wettability to superheats of around 20- 
30° C, oven temperature can be possibly kept to 240°. C, 
with acceptable yields. This will have to be confirmed by 
production testing on a case by case basis.

Additional testing has been carried out for other lead-free 
alloys: Sn-Ag, Sn-Qi, Sn-Ag-Bi and Sn-Zn. These will 
be reported later.

CONCLUSIONS



Solderability studies of Sn-Ag-Cu and eutectic Sn-Pb 
alloys using copper coupons and SOIC leads with Pd/Ni 
finishes have been carried out using an inerted wetting 
balance for a range of superheats and oxygen levels from 
7 ppm to air. Using nitrogen significantly improves the 
wetting of lead-free solders when low activity fluxes. 
Residual oxygen levels below 5000 ppm were sufficient
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Nitrogen’s Effect on Pb-free Soldering
Paul Stratton

Inert atmospheres lower superheat profiles 
and improve wetting.

FIGURE 1: The effect of inerting on wetting times for Sn3.8AgO.7Cu.
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1000 10000 100000 1000000

FIGURE 2: The effect of inerting on wetting times for Sn0.7Cu.

L
ead-free alloys such as SnAgCu 
(SAC) and SnCu have melting 
points of 218° and 227°C, respec
tively, about 35°C higher than SnPb 

eutectic. Reflow temperatures for SnPb 
are commonly 220° to 225°C with a nom
inal “superheat” of around 40°C.

This superheat is part of the process 
window for reflow, taking into account 
different heating rates at different joint 
locations on a particular board. Similar
ly, the pot superheat current for wave 
soldering with eutectic SnPb is even 
higher, around 40° to 50°C. However, 
when lead-free solders are used, reflow 
temperatures above 260°C are implied 
for the same superheat. These tempera
tures are outside the ratings of many 
available components and boards. Long
ford said at the IPC and JEDEC Interna
tional Conference on Lead-Free Elec
tronic Components and Assemblies that 
lead-free solder processes typically 
reduce moisture sensitivity levels by two, 
with the failure modes being warpage 
and delamination.1 In addition, the 
National Physical Laboratory reports 
increased board aging with SAC solder
ing, leading to lower yields for second- 
pass soldering with HASL, OSP and 
immersion Ag board finishes.2

There is thus a strong drive to reduce 
the superheat for reflow when lead-free
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Reflow Soldering

soldering is adopted. The resulting narrowed process window 
may have adverse effects on process yields, particularly for 
high-volume consumer products. Work commissioned by BOC 
at the NPL has shown that the use of nitrogen inerting can 
improve wetting in lead-free solders and reduce the superheat 
needed.3 The effect of inerting on the wetting of SAC - the 
alloy of choice for reflow soldering - is shown in Figures 1 and 
2. Clearly, nitrogen inerting can reduce the superheat required 
by at least 20°C.

Similar considerations apply to wave 
soldering (Figure 2), where Sn/0.7Cu is a 
lower cost alternative to SAC, although the 
situation may not be as severe. For wave 
soldering, dressing losses will be more 
expensive since the value of lead-free sol
ders are at least twice that of current SnPb 
solders. The little data that have been pub
lished on the dressing of SnOJCu suggest 
that dressing is slightly lower than for SnPb 
and that nitrogen inerting has the same 
sort of impact on dressing, reducing it by 
85% or more.4

It is also known that SAC reflow solder
ing increases the tendency to form voids.
This effect is particularly severe if a SAC 
paste is used with components with leaded 
terminations, as may be the case until all 
components become lead-free.5 The use of 
nitrogen inerting reduces this effect consid
erably, probably by protecting the flux at 
the higher reflow temperature and permit
ting it to reduce the oxides in the short time 
available above the liquidus. ■
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TECHNOLOGY

DEFECTS down
with inert soldering
Problems associated with lead- 

free soldering are particularly 

acute when components that still 

have leaded terminations have to 

be soldered during the change 

over period before lead-free 

components are widely available. 

This paper shows how some of 

these problems can be solved by 

inerting the process with 

nitrogen.

Ĉ
■^FnAgCti (SAC) is now accepted as 

the best alternative to eutectic tin/lead 
alloy for lead-free soldering. 
Comprehensive trials by IPC, not yet fully 
completed, show little difference between 
the competing SAC alloys in terms of 
soldering performance. In general they 
have a higher melting point than eutectic 
tin/lead - around 21 y”C poorer wetting 
and a tendency to void formation.

The problem when SAC solders are used 
is that they need higher temperatures for 
both wave and reflow soldering. These 
temperatures are outside the ratings ot

many available components and boards. A 
report at the IPC and JEDEC 61' 
International Conference on Lead Free 
Electronic Components and Assemblies 
said that with lead-free solder processes, 
MSL (Moisture Sensitivity Level) reduces 
typically two levels with the failure modes 
being warpage and dclamination.
Moreover, the National Physical Laboratory 
(NPL) reports increased hoard ageing with 
SAC soldering, which leads to lower yields 
for second pass soldering with HASL, OSP 
and immersion silver board finishes.

There is thus a strong drive to reduce 
the superheat for reflow when lead-free 
soldering is adopted. The narrowed 
process window this causes may have 
adverse effects on process yields, partic 
ularly for high volume consumer 
products. Work commissioned by BOC at 
the NPL has shown that the use ot 
nitrogen inerting can improve wetting in 
lead-tree solders and reduce the 
superheat needed. The ettect of inerting 
on the wetting times of a SAC solder is 
shown in Figure 1. It is clear that nitrogen 
inerting can reduce the reguired 
superheat by at least 20,>C.

Wave soldering
Most user experience with SAC soldering 
is in Japan, which will be completely lead- 
free by April 2005, The Matsushita 
Electric Works has reported that bridging 
was the major soldering defect in SAC

wave soldering They found that it could be 
reduced to acceptable levels using nitrogen 
to control the residual oxygen lo 100 ppm 
They were unable to comment on the effect 
of different component finishes because few 
lead-free components were then available.

Matsushita also reported that, as with 
eutectic tin/lead, nitrogen (180 ppm oxygen) 
considerably reduced the dressing of SAC 
(Table 1) . As this solder is considerably more 
expensive than tin/lead, the resultant 
savings are correspondingly higher, making 
the use ot nitrogen much easier to justify.

Defect rate data obtained from the Nissan 
Motor Company support the view that the 
window for lead-free soldering can be 
opened up by the use of nitrogen. Their 
defect rate data shown in Figure 2 suggest 
a continuous reduction in bridge formation 
down to 10U ppm oxygen.

Reflow soldering
While the use of nitrogen is easy to justify 
in wave soldering because of the reduction 
in dressing m reflow soldenng the 
additional cost must be justified by the 
red in lion in defects alone.

| Teb 2005
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Figure 1. The effect of inerting on wetting times for 
Sn/3 8%Aft/D 7%Cu
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Figure 4. Voiding area of joints soldered in hilly lead-free and 
mixed leaded and lead-free components in air and nitrogen.

A company in South 
East Asia was 
having problems 
with "loose" defects 
when SAC reflow 
soldering QFPs with 
leaded terminations.
They called in BOC 
to carry out a trial to 
find out if nitrogen 
inerting could help.

The first trials 
were designed to 
discover the 
maximum oxygen 
level that could be 
tolerated in their 
operation while still 
getting Ihe benefits 
of inerting. These 
trials showed 
(Figure 3) that with 
500 ppm oxygen the 
joints were shinier 
and free from the 
flux residues that 
occurred in air 
reflow but that 1000 
ppm gave sufficiently good defect 
reduction.

Further work was then carried out to 
determine accurately the defect rate in 
nitrogen containing 1000 ppm oxygen 
A gas analyser controlled the nitrogen 
flow rate in order to maintain a 
constant oxygen level. Two types of test 
were used to determine whether the 
"1C solder loose” defect was present. 
The production test used physical 
displacement. A much larger number of 
boards could be tested using this 
technique but it was not considered as 
accurate as the circuit performance 
testing that was also carried out on 
some boards.

During the first period when the 
circuit performance test was in use the 
defect rate over 1600 boards was 
0.875%. This is a significant 
improvement on the air reflow rate of 
between 1.2 and 1.3%. Overall tor the 
entire test period, during which 3480 
boards were examined using the 
physical displacement technique, the 
defect rate was 0.63% or approximately

half that in air.
It was noted that all the failures 

occurred in the first board in a carrier 
containing four boards so BOC looked 
for a cause. They discovered that 
because of the design of the line, this 
leading board could be given a slight 
impact before loading into the carrier. 
They suggested that this impact could 
displace the relatively heavy’ IC and it 
was this slight displacement that 
caused the failures. This effect would 
be exaggerated by the poor wetting 
characteristics of the SAC solder, 
especially when reflowed in air.

At the time the company decided not 
to proceed with nitrogen inerting in 
their reflow ovens because they 
expected that the imminent availability 
of components with lead-free 
terminations would solve the problem.
It is well known that soldering 
components with leaded terminations 
with SAC can lead to high detect rates. 
For example some recently published 
work on voiding shows this effect 
(Figure 4). The graph also

210000100001000
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Figure 2. Production defect rates for 
Sn/3.5% Ag at 250°C
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Figure 5. Wetting time for SAC on SI0C leads 
using activated flux.

demonstrates the reduction in defect 
rate that can be achieved using 
nitrogen inerting.

However, that optimism may well 
prove to be unfounded as lead-free 
terminations have then own problems. 
One problem, whisker formation in 
matt tin terminations, seems to be well 
on the way to solution, but the problem 
remains of the poor solderabilty of the 
other common finish - Ni/Pd Work by 
BOC at the NPL has shown that the 
poor solderability at Ni/Pd in air can be 
improved to acceptable values by 
inerting with nitrogen containing less 
than 5000 ppm oxygen.

Conclusions
It has clearly been shown dial nitrogen 
inerting can reduce defect levels in 
both wave and reflow soldering with 
SAC by opening up the process 
window.

BOC Gases
Tel: 01276 477222 
Web: www.boc.com
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Optimizing Nitrogen Usage in Lead-Free Soldering

Paul Stratton 
BOC

Huddersfield, UK

Lead-free soldering needs higher soldering temperatures than eutectic tin/lead soldering. Nitrogen inerting 
minimizes this increase and opens up the process window, but at a cost. This paper describes how that cost can be 
minimized in two ways. The first is by optimizing the method of nitrogen supply. The primary factors which 
determine the optimal supply mode are: the operating flow rate demand and pattern; the proximity to merchant 
liquid nitrogen air separation units and hence the cost of delivery; the purity required; and the cost of electrica 
energy. Several options are explored and their relative merits explained.

The second is by applying a thorough understanding the lead-free soldering process to optimize gas usage. 
Examples of the use of modeling techniques are given. The first shows how simple modifications to the enclosure 
in a fully inerted wave soldering machine can reduce the nitrogen flow needed to maintain a low oxygen level. The 
second examines the use of a partial hood where only the wave is inerted, again saving nitrogen. Finally, the 
knowledge gained from this and the modeling of other ovens and furnaces is applied to a control system to minimize 
nitrogen flow.

Introduction
The EU Directives on Waste Electrical and Electronic 
Equipment (WEEE) and Restriction of Hazardous 
Substances (RoIlS) came into force on 13-2-2003 
and require that any product of the affected categories 
sold in the EU will have to be lead-free from 1 July 
2006. In the case of electronics solders, the available 
substitute alloys like Sn/Ag/Cu (SAC) and Sn/Cu 
unfortunately have melting points of 218 and 227°C 
respectively — about 35°C higher than the tin/lead 
eutectic. Reflow temperatures for tin/lead are 
commonly around 220 to 225°C with a nominal 
“superheat” of around 40°C. If lead-free solders are 
used, reflow temperatures above 260°C are implied 
for the same superheat. The National Physical 
Laboratory (NPL) report increased board ageing with 
lead-free (SAC) soldering, leading to lower yields for 
second pass soldering with HASL, OSP and 
immersion silver board finishes at these higher 
temperatures [1].

1000000

Similarly, the pot superheat currently required for 
wave soldering with eutectic tin-lead is even higher - 
around 40-50°C.

There is thus a strong drive to reduce the superheat 
for reflow when lead-free soldering is adopted. The 
narrowed process window that results may have 
adverse effects on process yields, particularly for 
high volume consumer products. Work
commissioned by BOC at the NPL has shown that the 
use of nitrogen inerting can improve wetting in lead- 
free solders and reduce the superheat needed [2]. The 
effect of inerting on the wetting of SAC - the alloy of 
choice for reflow soldering - is shown in Figure 1. It 
is clear that nitrogen inerting can reduce the required 
superheat by at least 20°C.

Similar considerations apply to wave soldering 
(Figure 2), where Sn/0.7%Cu is a lower cost 
alternative to SAC, although the situation may be less 
severe. For wave soldering, dressing losses will cost 
more since lead-free solders are at least twice as 
expensive as current tin/lead solders. The little data 
that have been published on the dressing of 
Sn/0.7%Cu suggest that dressing is slightly lower 
than for Sn/Pb and that nitrogen inerting has the same 
sort of impact on drossing, reducing it by 85% or 
more [3].

Oxyg«n - ppm

Figure 1 The effect of inerting on wetting times 
for Sn/3.8%Ag/0.7%Cu
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Figure 2 The effect of inerting on wetting times 
for Sn/0.7%Cu

While the cost of the nitrogen required to inert the 
soldering process in wave soldering can often be 
justified by dross savings alone, the reduction in 
soldering defects also needs to be taken into account 
in reflow soldering. Such data are presented 
elsewhere [4]. In all cases, however the lower the 
nitrogen flow that can be use, the easier it is to justify 
its use. In order to reduce flows it is necessary to 
understand what is happening to the gases in the 
soldering process.

Flow modeling - full hood
One way to understand and visualize gas flow 
behavior is to use Computational Fluid Dynamics 
(CFD) [5], In this technique the furnace is divided 
into several tens or hundreds of thousands of 
microvolumes (or finite elements) and the equations 
of mass, momentum and energy for each are solved 
iteratively to determine temperatures, gas velocities 
and composition at different locations in the furnace.

I I
vent

Travel direction

fluxer

Figure 3. Schematic of a wave soldering machine

This example addresses the problem of reducing 
flows in a fully inerted wave soldering machines 
(Figure 3). These machines have a slope of about 7 
degrees from entry to exit, with the exit opening 
higher than the entrance opening, forming a natural 
chimney. Relatively high flows are therefore 
required to inert it even when the inerted tunnel is 
well designed. Figure 4 shows the outline and flow 
velocities and oxygen levels for a typical nitrogen 
inerted wave soldering machine. The strong chimney 
effect induced by heating over the solder pot pulled

air in at the entrance, resulting in oxygen levels of 
over 1000 ppm. The usual answer of increasing the 
flow rate failed to reduce these high oxygen levels

There are obvious design changes that can reduce the 
required nitrogen flows but to try out the various 
options in practice can be expensive and time 
consuming. Flow modeling showed that when the 
flows were increased to counter the chimney effect, 
air was entrained at the lower lip of the exit end. The 
muffle design prevented good performance. 
Increasing the exit end tunnel as shown in Figure 5 
reduced the tendency to entrain air at the exit. The 
wave machine could now be optimized and oxygen 
levels of less than 10 ppm were achieved, at 20% 
lower flows than those originally needed to get 1000- 
2000 ppm. CFD succeeded in this example because 
all the boundary conditions and the physical 
dimensions of the enclosure were fairly well 
established.

Figure 4. The nitrogen concentration and flow 
profiles for a typical inerted wave soldering 

machine produced by CFD

Figure 5. The nitrogen concentration and flow 
profiles for the modified inerted wave soldering 

machine produced by CFD



Dynamic flow optimization
One way to maintain the oxygen level in a soldering 
oven or machine at a desired set point is to use some 
kind of closed loop control. The oxygen level at the 
point of interest is monitored and used to change the 
rate of nitrogen flow. The simplest variation of this 
control scheme could be to have the output from a 
single oxygen analyzer controlling the nitrogen flow 
at a single injector. This has been attempted at 
several different points, but without much success. In 
fact this simple technique is not likely to work 
effectively. By the time the sensor records a change 
in oxygen level, too much air has already entered and 
an unrealistic nitrogen flow is demanded to restore 
the set point. Even when set point control of oxygen 
is achieved the nitrogen consumption is usually 
higher than the same oven normally uses under 
manual control.

To solve this problem, BOC has developed a control 
system to monitor and control the oxygen levels in a 
reflow oven or wave soldering machine. This system 
consists primarily of 2 or 3 oxygen sensors, a 
controller and at least one electronically controlled 
variable mass flow meter. The sensors are placed 
strategically in the oven to determine the direction 
and amount of airflow that has entered. The control 
loop is schematically shown in Figure 6 below. The 
control concept uses an algorithm based on the 
concept of placing analyzers at the oven inlet and exit 
as early warning signals for air ingress.

Figure 6. Typical oven set-up

Production scale testing was carried out at a customer 
site on a Vitronics convection soldering oven. The 
desired operating oxygen level in the reflow zone was 
200 ppm. and the process hold mode was set at 2000 
ppm, mainly because recovery from this level to 200 
ppm was rapid enough. The operating performance 
is shown below in Figure 7, which tracks the oxygen 
levels in the preheat and reflow zones and the 
metered flow during a change from process to hold 
modes.

Figure 7. Production testing

The unit operated satisfactorily for several months, 
without any operator intervention. It has maintained 
a constant set point, without requiring any 
maintenance on the sensor fuel cells or the filters. To 
date, the nitrogen flow savings are about 18-20% 
compared with manual operation under optimized 
settings for the processing mode alone. BOC 
believes that a further 10% saving is possible if the 
control settings are also optimized, particularly with 
regard to effective functioning of the hold mode 
feature. However, the unit has not been widely 
installed because the high cost of the oxygen sensors 
make it uneconomic.

Flow modeling - partial inerting
To visualize exactly what is happening when only the 
region close to the wave is being inerted, a much 
more detailed model is needed. A model depicting 
the area around the wave only is shown in Figure 8.

Gas flow 
domain

Left injector _ /Solder
Waves R'flht injector

Figure 8. The area around the wave showing the 
modeled volume.

When no board is present, there is a similar effect to 
that shown for the full hood above and heated 
nitrogen rises towards the higher exit end. As less 
nitrogen is being used than in the full hood case, it 
mixes rapidly with air to give high oxygen levels 
(Figure 9).



Figure 9. Oxygen concentration with no board 
present.

However, when a board is present the nitrogen 
becomes trapped between the board and solder 
surface, radically lowering the oxygen level during 
the actual soldering process (Figure 10).

Towards Exit of 

Machine c=:
Stationary Board

» 1E6

Solder Waves

Figure 10. The effect of the presence of a board 
on the oxygen concentration close to the wave.

The very latest versions of the modeling software can 
model the dynamic effect of the board moving over 
the wave.

Nitrogen supply options
Processors who use large amounts of nitrogen 
atmospheres have long been able to generate the 
required nitrogen on site by cryogenic distillation, 
often as a co-product with oxygen. Such plants, 
which produce high purity nitrogen at low cost, are 
usually owned and operated by an industrial gas 
company, which supplies the gas on a contract basis. 
Steelworks and wafer fabrication foundries are 
typical users of such supply schemes. However, the 
smaller amounts of nitrogen required for lead-free 
soldering are usually provided by vaporized bulk 
liquid delivered by road tanker (Figure 11) from a 
central cryogenic air separation unit. The primary 
factors which determine the optimal supply mode are: 
the operating flow rate demand and pattern; the 
proximity to merchant liquid nitrogen air separation 
units and hence the cost of delivery; the purity 
required; and the cost of electrical energy.

Figure 11. A typical road tanker

In most of North America, an average nitrogen flow 
requirement below 1.000 scfh will call for a cylinder 
gas supply. An average nitrogen demand between 
1.000 scfh and 15.000 scfh will be most economically 
supplied by vaporizing liquid from a bulk supply. 
This is a very flexible option that can meet the flow 
rate demands of any process no matter how 
intermittent. Intermittent high flow demands may 
require an increase in vaporization capacity over that 
established for normal operations.

Above 15.000 scfh. on-site nitrogen generation is 
likely to be the preferred supply mode. Recent 
developments in cryogenic plant design have led to 
the introduction of small generators that can be 
installed on a gas user’s premises to produce 
relatively small volumes of high purity nitrogen. A 
key feature of these plants is that small amounts of 
liquid nitrogen can be inserted in their low 
temperature distillation columns to make up the heat 
balance, in place of the expansion turbines used in 
larger plants. For this reason these plants are often 
called ‘liquid assist’ plants.

BOC’s ‘LN’ liquid assist plants produce between 
3500 and 50.000 scfh of high purity nitrogen at the 
user’s site (Figure 12). The switch from liquid supply 
to generated supply is also a switch from fully 
variable cost to largely fixed cost (plus power). These 
plants can, however, produce nitrogen at substantially 
lower cost than traditional liquid supply modes when 
demand is relatively constant (7 days/week x 24 
hours/day or perhaps 6 x 24). A financially attractive 
package could be one of the generator options for the 
base load, combined with liquid supply for peak 
shaving.



For lead-free wave soldering, high purity nitrogen 
generators (typically cryogenically produced 
nitrogen) are favored, because of the need to keep 
oxygen levels as low as possible to minimize dross. 
Non-cryogenic generators (e.g., membrane, PSA) 
become expensive to operate as nitrogen purity 
requirements become more stringent. The usual way 
to reduce the oxygen level of non-cryogenically 
generated nitrogen sufficiently is to react hydrogen 
with the mixture over a catalyst. It forms water with 
the excess oxygen that can be subsequently removed 
with a drier.

The diverse methods of nitrogen delivery available 
from a global industrial gases supplier such as HOC 
Gases mean that they can always offer their 
customers the most appropriate means of supply for 
every soldering operation. The union of this range of 
supply options with BOC’s knowledge and 
experience in the electronics industry make an 
unbeatable combination.
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[57] ABSTRACT
A method of depositing a solid substance on the surface 
of the substrate in which the solid substance is dissolved 
in a solvent to create a first solution. The solid substance 
is less freely divided prior to dissolution than when 
deposited on the substrate and the deposition density of 
the solid substance on the substrate is regulated at least 
in part by solid substance concentration. The solid sub
stance is insoluble in a liquified gas and the first solution 
is soluble in the liquified gas. The solvent also is capable 
of depressing the freezing point of the liquified gas upon 
expansion of the liquified gas. The first solution is dis
solved in the liquified gas to create a second solution 
having a sufficient concentration of the solvent relative 
to the liquified gas that solidification of the liquified gas 
is substantially prevented upon the expansion thereof. 
Preferably, this concentration of solvent is a minimum 
to prevent overuse of environmentally hazardous sol
vents. The solution is sprayed against the substrate so 
that a portion of the liquified gas flashes into a vapor 
and the second solution containing a remaining portion 
of the liquified gas contacts and thereby coats the sur
face substrate. The remaining portion of the liquified 
gas is evaporated along with the solvent, so that the 
solid substance remains as a deposit on the substrate. 
The method has particular application to making very 
free depositions such as are required in the electronics 
industry to coat contacts of printed circuit boards with 
flux prior to soldering.

7 Claims, No Drawings
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METHOD OF DEPOSITING SOLID SUBSTANCE 
ON A SUBSTRATE

BACKGROUND OF THE INVENTION 5
The present invention relates to a method of deposit

ing a solid substance on a surface of a substrate in a 
finely divided deposition. More particularly the present 
invention relates to such a method in which the sub
stance is dissolved to produce a solution which is in turn 10 
dissolved in a liquefied gas and sprayed against the 
substrate. Upon evaporation of the solvent and liquefied 
gas the substance is left as the deposit on the substrate.

There are a variety of deposition methods that are 
particularly adapted to deposit a variety of solids on 15 
various substrates. For instance, in soldering operations 
it is necessary to deposit flux on conductors of electrical 
components to be soldered on a printed circuit board. In 
such case, the printed circuit board and conductors can 
be said to serve as a substrate for the flux. Flux deposi- 20 
tion is accomplished by foaming the flux and then 
brushing the flux containing suspension onto the con
ductors and conductive areas of the circuit board. This 
foregoing flux deposition method, however, applies an 
excessive amount of flux. More recently it has been the 25 
practice to dissolve the flux in a solvent and then spray 
the solution with compressed air onto the conductors 
and circuit board. Evaporation of the solvent leaves a 
finely divided deposit of the flux.

The problem of using a solvent to deposit a flux is that 30 
many solvents present environmental health hazards. 
Therefore^ there has been a need in the art to replace 
potentially harmful solvents with environmentally safe 
compounds. Such a scheme can be found in U.S. Pat. 
No. 5,106,659 in which paint is thinned or diluted with 35 
liquid or supercritical carbon dioxide. The resulting 
mixture is then sprayed against the surface to be 
painted.

This paint spraying method ofU.S. Pat. No. 5,106,659 
is not applicable to all substances. For instance, in case 40 
of flux deposition, flux like paint, will not dissolve in 
carbon dioxide. Attempts to spray a mixture of flux and 
liquid carbon dioxide have met with failure because a 
portion of the liquid carbon dioxide, upon discharge 
from a nozzle into the ambient, expands to produce 
solid particles. The solid carbon dioxide ice particles act 
as an abrasive to remove any particles of flux that were 
initially deposited. Additionally, since flux is not in the 
finely divided form of paint pigments, flux solids will 
not be deposited in a uniform freely divided manner if 
simply mixed with carbon dioxide and sprayed against a 
substrate surface.

As will be discussed, the present invention relates to 
a method of depositing a solid substance, such as flux, 
on a substrate to produce a controlled, freely divided 
deposit on the substrate.

SUMMARY OF THE INVENTION
The present invention provides a method of deliver

ing a solid substance to surface of the substrate. In ac
cordance with the method, the solid substance is dis
solved in a solvent to create a first solution. The solid 
substance is less finely divided prior to dissolution than 
when deposited on the substrate. For instance, the solid 
substance prior to dissolution can be made up of large 
granules and is deposited as a fine dust. The deposition 
density of the solid substance on the substrate is at least 
in part regulated by solid substance concentration

897
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within the first solution. In this regard, it is to be noted 
that the first solutions can be fully saturated to obtain 
the greatest about of solid substance being deposited on 
the substrate and on a unit area basis, the greatest “de
position density”. The solid substance is insoluble in a 
liquefied gas and the first solution is soluble in the lique
fied gas. Additionally, the solvent is capable of depress
ing the freezing point of the liquefied gas upon expan
sion of the liquefied gas. The first solution is dissolved in 
the liquefied gas to create a second solution having a 
sufficient concentration of the solvent relative to the 
liquefied gas that solidification of the liquefied gas is 
substantially prevented upon the expansion thereof. The 
second solution is sprayed against the substrate so that a 
portion of the liquefied gas flashes into a vapor and the 
second solution, which contains a remaining portion of 
the liquefied gas, thereby coats the substrate. The re
maining portion of the liquefied gas and the solvent is 
then evaporated so that the solid substance remains as a 
deposit on the substrate.

Preferably, the concentration of the solvent within 
the solution is a minimum yet sufficient concentration of 
the solvent relative to the liquified gas that Solidification 
of the liquefied gas is prevented upon expansion. In this 
manner, the use of solvent can be minimized while the 
deposit of the substance can be in a very free dispersion.

DETAILED DESCRIPTION
The present invention can be accomplished in a vari

ety of ways. Generally though, the present invention 
will have most application to depositions on substrates 
under conditions of ambient atmosphere. However, it is 
understood that the present invention will also have 
applications to depositions that are to be conducted at 
subatmospheric pressures as well as superatmospheric 
pressures and also non-air or inerting atmospheres. Fur
thermore, although the present invention is discussed 
relative to flux deposition, it is understood that its appli
cation is not limited to flux deposition.

As a fast step, the solid substance that is to be depos
ited on a substrate is first mixed with a solvent to create 
a fast solution. The concentration of the solid substance 
within the fast solution can be pre-determined to create 
the degree of density required in the deposition. As the 
concentration increases, more of the substance will be 
deposited. In case of flux, the substance can be an or
ganic acid, such as, but not limited to, adipic acid, sali
cylic acid and citric acid. Suitable solvents would in
clude alcohols and ketones such as methanol and ace
tone. By way of example, a first solution made up of 
adipic acid and methanol having a solvent concentra
tion of about ten percent by weight. This solution is 

. under normal room temperature a saturated solution to 
produce the greatest deposition density possible.

After the first solution is created, the first solution is 
then dissolved in a liquefied gas, preferably liquid car
bon dioxide for flux deposition. Depending upon the 

) application of the present invention and the materials 
involved, other liquefied gases are possible, for instance, 
propane. In the present invention, the substance is es
sentially not soluble in the liquefied gas but the solution 
of solvent and substance is soluble in the liquefied gas. It 

5 is to be noted that the term “soluble” as used herein and 
in the claims meet the definition of such term as found 
in inorganic chemistry, namely, dissociation of the solid 
substance within the solvent
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The solvent in 'Which the substance is initially dis

solved is capable of depressing the freezing point of the 
liquified gas upon expansion of the liquified gas. In case 
of flux deposition, the solution of flux and solvent is 
dissolved in liquid carbon dioxide which is then held 5 
within a gas cylinder at a pressure of approximately 900 
psi. Since an acidic solution is obtained, the second 
solution should be maintained in a nickel or nickel 
plated gas cylinder.

In order to accomplish the deposit, a cryogenic line is 10 
attached to a nozzle, known in the art, to direct the 
caxbon dioxide gas, substance and second solution onto 
the substrate. In case of flux deposition a typical cone 
nozzle can be used. It is to be noted that the type of 
nozzle will also affect deposition density as will other 15 
spraying parameters. At normal ambient temperatures, 
it is the liquid carbon dioxide, held at a high pressure 
which will serve as a propellent to cause the solution to 
spray onto the substrate. The change in pressure from 
storage pressure to ambient atmospheric pressure will 20 
cause an expansion of the liquid carbon dioxide. If the 
substance to be applied were simply dissolved in the 
carbon dioxide, the carbon dioxide would vaporize and 
solidify into small ice crystal as it was sprayed against 
the substrate. The effect of this would be to remove the 25 
deposited substance from the substrate. The solvent 
counters this by depressing the freezing point of the 
liquid carbon dioxide. This substantially prevents solidi
fication of the liquified gas.

In all cases of the practice of the present invention, 30 
there will exist the sufficient concentration of the sol
vent relative to the liquified gas so that solidification is 
prevented. Additionally, this concentration of solvent 
should be at a minimum to conserve the use of poten
tially environmentally hazardous solvents. In case of 35 
flux depositions, the concentration of solvent within the 
liquid carbon dioxide is a fifteen percent by weight 
solution of methanol and carbon dioxide. Thus, when 
the second solution- of solvent, liquid carbon dioxide 
and flux or other substances are sprayed against the 40 
substrate, a portion of the liquified gas will flash into 
vapor but there will exist a remaining portion of solu
tion containing liquified gas which will coat the sub
strate.

Once the substrate is coated, the remaining portion of 45 
flie liquid carbon dioxide and solvent, methanol for flux 
depositions, will evaporate under ambient room temper
ature conditions so that the substance will remain as a 
deposit on the substrate. It is understood though that 
such evaporation might have to be externally facili- 50 
tated, depending upon the solvent, and liquified gas and 
the conditions of coating.

While the present invention has been described rela
tive to a preferred embodiment, it will be understood by

those skilled in the art that numerous additions, 
changes, and modifications can be made without de
parting from the spirit and scope of the present inven
tion.

We claim:
1. A method of depositing a solid substance on a 

surface of a substrate, comprising:
dissolving the solid substance in a solvent to create a 

first solution, the solid substance being less freely 
divided prior to dissolution than when deposited 
on said substrate and deposition density of said 
solid substance on said substrate being at least in 
part regulated by solid substance concentration 
within said first solution;

the solid substance being insoluble in a liquified gas, 
the first solution being soluble in said liquified gas, 
and the solvent capable of depressing the freezing 
point of the liquified gas upon expansion of said 
liquified gas;

dissolving said first solution in said liquified gas to 
create a second solution having a sufficient solvent 
concentration of said solvent relative to said liqui
fied gas that solidification of said liquified gas is 
substantially prevented upon the expansion 
thereof;

spraying said second solution against said substrate so 
that a portion of said liquified gas flashes into a 
vapor and the said second solution containing a 
remaining portion of said liquified gas contacts and 
thereby coats said substrate; and

evaporating said remaining portion of said liquified 
gas and said solvent so that said solid substance 
remains as the deposit on said substrate.

2. The method of claim 1 wherein said first solution is 
a saturated solution.

3. The method of claim 1 wherein said solvent con
centration is at a minimum required to substantially 
prevent solidification of said liquified gas on the expan
sion thereof.

4. The method of claim 1 wherein said liguifipd gas 
comprises liquid carbon dioxide.

5. The method of claim 1 in which said solid sub
stance is a flux formed from an. organic acid comprising 
adipic acid, salicylic acid, or citric acid.

6. The method of claim 5 wherein said solvent com
prises an organic solvent comprising methanol, alcohol 
or acetone.

7. The method of claim 6 wherein said solvent com
prises methanol, said liquefied gas comprises liquid car
bon dioxide, and said solvent concentration of said sol
vent relative to said liquified gas is about 15 percent by 
weight of said methanol in said liquid carbon dioxide.

* * * * *
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PROTECTIVE ATMOSPHERES FOR BRAZING AND
SOLDERING

by P. F. Stratton - BOC Gases

Abstract

In many substrate/filler systems for soldering and brazing processes, manual 
techniques have been replaced by the use of continuous furnaces where both the 
substrate and the filler can be protected fiom oxidation using an exothermically or 
endothermically generated atmosphere. Such atmospheres are often not optimal for 
the task, in that they may provide insufficient protection for some systems, more than 
required in others, or may oxidise the products as these flammable atmospheres 
bum at the furnace exit

This paper examines the basic requirements for protective atmospheres in brazing 
and soldering processes. The application of these basic requirements is then 
explored with specific reference to a range of substrate/filler systems. These 
systems range ftom the high temperature stainless steel/hickel system, which requires 
tire maximum protection afforded by a pure hydrogen atmosphere, to the low 
temperature copper/silver alloy system which requires only minimal protection to 
produce an acceptable product.

Introduction

There are numerous joining processes available for metals ranging fiom fire purely 
physical link produced using fasteners to purely metallurgical union produced in 
diffusion bonding. This paper is limited to those processes using a filler metal 
different fiom the parent(s), which is melted to form the joint, and where this 
operation is carried out in a continuous fiunace at or near atmospheric pressure. 
These processes are usually refened to as fimiace brazing and soldering.

Such processes have traditionally been carried out either in air or in atmospheres 
derived from the partial combustion of hydrocarbon fuel gases or from the 
decomposition of ammonia^1). These atmospheres ar e often not optimal for fire task 
they perform. Processes carried out in air usually require the use of an aggressive 
flux which must be removed from the joint before service and in some cases the 
whole finished assembly must be cleaned due to oxidation of the parent metals. The 
same is true for some par ent metal/filler systems treated in either exothermically or 
endothermically generated atmospheres derived fi-om fuel gases, but here fire 
problem can be compoimded by the finished product having to pass thr ough the 
atmosphere gas burning off at the furnace exit Cost can also be a problem, 
particularly when considering cracked ammonia atmospheres.





This paper examines the basic requirements for the atmosphere in a brazing or 
soldering furnace. It then reviews these basic requirements with regard to a range of 
parent metal/filler systems and discusses the optimisation of the atmosphere with 
regard to both cost and quality.

Basic Principles

The basic function of the furnace atmosphere in brazing and soldering is to protect 
both the parent metal and the filler from oxidation. To achieve this the oxygen 
partial pressure of the atmosphere must be less than that necessary to form the 
oxide. This is shown diagrammatically in Figure 1(2). If the partial pressure is above 
the line, the metal will oxidise; below it and the oxide will be reduced Thus it is 
easy to prevent oxidation of silver but impossible to suppress oxidation of 
aluminiuni
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Figure 1. Ellingham Diagram



In atmospheric pressure systems the oxygen level can be reduced by simple flushing 
with an inert gas such as nitrogen. Indeed this simple technique will reduce the 
oxygen level below that required to oxidise silver. However even high purity 
nitrogen contains one or two parts per million of oxygen, and furnace leaks are 
inevitable, therefore, to reduce the oxygen further, it is reacted with an active gas 

such as hydrogen.

+ H» p HjO

Thus the oxygen partial pressure is related to the BiH^O ratio

The diagram in Figure 1 can thus be redrawn in terms of the more practically 
measurable BTLO ratio. Such a diagram is shown in Figure 2. The higher the ratio 
the more reducing the atmosphere, thus if the atmosphere composition is above the 
line the oxide would be reduced, and below the line the metal oxidised It is the 
component of the system that requires the most reducing atmosphere which must be 
considered the critical element However, for most practical purposes, elements 
with concentrations below 1% can be ignored as they do not form continuous oxide

films.

Figure 2 Oxidation boundaries for various elements

Temperature C

To produce a fluxing action, not only must the atmosphere be reducing, but the 
kinetics must be favourable. This is to some extent controlled by how reducing the 
atmosphere is to the oxide but other factors such as oxide morphology and brazing 

time and temperature also play a role.



As well as protecting both fire parent metal and the filler and/or reducing the oxides 
already present, die brazing atmosphere has some secondary roles. Hie first of 
these is to ensure that the assembly leaves the furnace in the same oxide iiee 
condition as was achieved for the braze. As can be seen from Figure 2, for many 
materials die fhttO ratio required to keep the assembly bright rises as die 
temperature falls, making the cooling zone the most critical part of a continuous

fiimace.

Secondly, if die fiimace atmosphere is fiammable, and allowed to bum off at the 
exit, oxidation of assemblies can occur as tiiey pass through die flame front Such 
problems are best avoided, eidier by using a non-flammable atmosphere or ensuring 
diat any flammable component is diluted below die flammable limit before die exit

The fluid additional role of the atmosphere is to remove unwanted binders from a 
furnace where braze pastes are used This can be achieved eidier by physical 
flushing or be reacting the binder with a component of die atmosphere. To use 
reactive hinder removal it is usually necessary to reshict the active atmosphere 
component to the entry areas as they are deleterious to the components at the 

brazing temperature.

These differing requirements, together with the need to minimise die total quantity of 
atmosphere gas used, and hence minimise cost, are best achieved using BOCs 
patented Nitrazone* technology*3/. These techniques allow die use of different 
atmospheres in different zones in a continuous fiimace and help to minimise die 

overall atmosphere consumption.

Stainless Steel/Nickel

Nickel brazing of stainless steel is earned out at temperatures in die range 930nC to 
12007tC depending upon the nickel alloy used The critical metal wifli regard to die 
atmosphere requirements is chromium. From Figure 2 it can be seen that at 
lOOOxC even using 100% hydrogen, a dewpoint of -37tiC is required to prevent 
oxidation of chromium. However, experience has shown that to produce good 
joints, dewpoints better than -SOnC are required in practice to reduce die small 
amounts of chromium oxides present in die time available*4/.

To achieve such low dewpoints it is essential that the fiimace is leak free. The best 
way to meet this requirement is to use a so-called humpback furnace which has a 
metal muffle, shown in Figure 3. A combination of this type of fiimace design and 
the appheation of BOCs Nitrazone technology can produce suitable conditions for 

brazing stainless steel at minimum cost
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Figure 3 A humpback furnace for stainless steel brazing

Nitrazone allows the use of 100% hydrogen in the hot zone of the furnace but with a 
non-flammable gas mixture at die furnace entry and exit The majority of this 
hydrogen is burnt off at a separate vent as shown in the diagram. As the gases at 
the entry and exit are non-flammable, curtains can be employed to reduce the 
flowrate required to maintain a positive pressure within the furnace.

It however, there is a need to bum off a paste binder or the presence of physical 
curtains would damage the green assembly, then they may be omitted but at the cost 
of increased atmosphere usage.

Steel/Copper

Copper brazing of steel is a commercially significant system. For mild steels or for 
components where surface decarburisation of the steel is not significant the low 
position of both iron and copper in Figure 2 means that it is easy to produce a good 
braze. All that is usually required is an atmosphere of nitrogen containing a few 
percent hydrogen (less than 4% is normally employed as such mixtures are non
flammable and hence relatively safe(5)).

In fact it is so easy to maintain reducing conditions that fluxing may become 
excessive, resulting in copper covering the entire component To control this effect 
it is possible to add a small quantity of water vapour to diminish the reducing 
potential of the atmosphere and retain the copper in the vicinity of the joint



However, it is often necessary to control the surface carbon of the assembly to be 
brazed and prevent decarbmisation. There are two possible atmosphere systems 
through which this can be achieved, but both need care in application.

The first is the nitogen/methanol (Endomix*) system. The Endomix system allows 
complete control of carbon potential but unfortunately the presence of copper 
catalyses a side reaction in the cracking of methanol which normally produces 
hydrogen and carbon monoxide. The side reaction, although minor, fonns 
formaldehyde, a highly toxic gas. Ifi therefore, tins system is to be employed, great 
care must be taken that all effluent gases from tire furnace ar e combusted to destroy 
the formaldehyde.

Tire second is mtrogen/natural gas, again with less than 4% additions to create a 
non-flammable mixture. Such atmospheres have a high carbon potential with a low 
carbon availability, resulting in neither carburisation nor decarbiirisatiorf6). This 
system is, however, very sensitive to air ingress from furnace leaks, which lead to 
water vapour formation and hence to decarburisation. Tire presence of both nickel 
and copper can catalyse the decomposition of natural gas. The carbon thus formed 
can cause shorting of furnace heating elements and soot deposition on components. 
These decomposition effects can be minimised by keeping the hydrocarbon addition 
as low as possible and by, where appropriate, substituting propane for natur al gas.

Alummiimi/Aluminium alloy

Aluminium brazing is usually carried out at around 595jiC. The HaTbO ratio 
required to reduce alumina at this temperature is not practically achievable at 
atmospheric pressure with commercially available materials and it is therefore 
necessary to use a flux. Most fluxes for aluminium are corrosive at room 
temperature and need to be removed from the finished assembly, however, the 
Nocolok system developed by Alcan uses a non-corrosive flux based on aluminium 
fluoride.

The action of the Nocolok flux is dependent on tire absence of oxygen at the braze. 
Oxygen levels must be maintained at less than 1000 ppm if good brazes and bright 
parent metals are to result These levels can he easily achieved in a muffle furnace 
fitted with Nitrazone harriers to reduce air ingress. Such baniers also reduce tire 
overall nitrogen flowrate required

Any attempt to use a hydrogen addition to the nitrogen to improve the situation 
would be counter’ productive as aluminium is much more sensitive to oxidation by 
water vapour than by oxygen. The use of nitrogen alone allows tire furnace 
dewpoint to he kept very low, at least -40tcC, as commercially available nitrogen 
from a liquid source typically has a dewpoint of -70jdC.



Copper/Silver

Both copper and silver have very easily reducible oxides, silver so much so that it is 
off the bottom of Figure 2. Almost any form of protection will suffice as long as free 
oxygen is excluded It is even theoretically possible to cany out the operation in 

steam.

Tins tolerance for the presence of water vapour allows die use of a cheaper 
alternative atmosphere system based on low purity nitrogen produced on site using a 
pressure swing adsorption nitrogen generator (PSA). The system, which was 
developed for annealing copped7), uses PSA nitrogen, which contains 0.5% 
oxygen, mixed with a small proportion of hydrogen The hydrogen reacts with the 
residual oxygen in the furnace hot chamber to produce a mixture containing 1% 
water vapour, which is not oxidising to the copper/silver brazement

Brass/Silver

This is a particularly difficult system because of the presence of zinc in the brass. 
Not only does zinc required a high FkFhO ratio to suppress oxide formation but the 
oxide when formed volatilises and is reprecipitated in cooler pails of the furnace, 
including the cooling assemblies, producing a white haze. Although zinc oxide is not 
highly toxic, its presence as a fine cloud in tire brazing shop atmosphere is 

undesirable.

In practice it has been found that an atmosphere containing 30% hydrogen, 
controlled at a dewpoint of -407tC is sufficient to prevent dezincification. Such 
atmospheres are usually produced by the dilution of cracked ammonia with nitrogen 
(reducing the cost relative to tire use of cracked ammonia alone). They may also be 
generated from bulk pure hydrogen and nitrogen, often at a competitive cost, 
particularly when the requir ements for tire storage of highly toxic ammonia gas are 
considered.

Copper/60:40 Pb:Sn Solder

This system is used extensively in the electronics industry for the attachment of 
components to printed circuit boards. There are two main systems, infra-red reflow 
for surface mount components (analogous to brazing in aU but name) and wave 
soldering, mainly for through-hole components.



In this system, tin is the critical material. It is obviously theoretically possible, 
considering the H:HLO ratio required, to have an atmosphere in the soldering oven 
which is reducing tin, but it is not possible using hydrogen, as hydrogen does not 
react with oxygen at the low temperatures used (around 2457tC). It is possible to 
use formic or adipic acid as a gaseous flux but the coirosivity and toxicity of these 
materials usually precludes their use.

It is therefore usual to use a mildly activated rosin-based or a synthetic flux to 
reduce any oxide already present, and a nitrogen only atmosphere to prevent further 
oxidation. This minimises the amount of flux necessary and its activity, resulting in a 
board which requires no further cleaning. For both infra-red reflow and wave 
soldering Nitraclean* technology has additional quality benefits(8)’(9)’(10). The most 
obvious effect of inerting on the soldering process is to eliminate or reduce the 
formation of tin and copper oxides. Another benefit is that surface wetting by liquid 
solder is improved. The decomposition under heat of the organics such as the 
circuit boards and the flux and rheology modifiers is also changed The qualitative 
benefits are shown below.

Effect of inerting Benefit

Less oxidation

Faster wetting

Improved decomposition 
of organics residues.

Less need for fluxing 
Weaker fluxes needed 
Better wetting 
Better productivity 
Tolerance to poor components 
Better joints 
Stronger joints
Reduction or elimination of flux 
avoiding the need for washing with CFC 
solvents 
Easier cleaning
Higher soldering temperatures can be used

Overall, nitrogen widens the process window for soldering. How these effects 
translate into quantitative process improvements such as reduced defect rates 
depends on the soldering process used

Fluxes allow soldering to be carried out in air. If a nitrogen atmosphere is used, the 
fluxing is easier and therefore there is a wider process window. In wave soldering 
the reduction in dross formation is significant both in financial and quality terms.



Summary and Conclusions

It has been shown that brazing atmospheres have more than one function, depending 
upon die furnace zone and the parent/filler system under consideration. It has also 
been shown that nitrogen based atmosphere systems can meet all these 
requirements.

These differing requirements can be optimised in terms of both functionality and cost 
in die same furnace by tailoring die atmosphere to the application using BOC's 
Nitrazone technology.
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Abstract

Over several years incremental improvements have been made in reducing the atmosphere consumption of 
continuous aluminium brazing furnaces used for the production of automotive heat exchanges. Recently 
the use of computational fluid dynamics to model the atmosphere has led to insights which have allowed the 
development of a dynamic control system designed to minimise atmosphere consumption while maintaining 
product quality. The resultant product, Nitrapilot, provides for its users a step change in consumption 
which can be implemented without major changes to the furnace operation.

The application of Nitrapilot to flow minimisation in a continuous aluminium brazing furnace is described 
together with the results obtained. It is shown that the use of the equipment reduced the overall gas usage 
of the furnace by more than 30%.

Flow reduction techniques - Nitrazone barriers

Hie use of inert gases to create the low oxygen, low water vapour atmosphere required in continuous 
aluminium brazing furnaces to produce effectively brazed heat exchangers lias been well docuniented(1) 
Although any inert gas will produce die desired results, nitrogen, which is essentially inert at the brazing 
temperature, is used on economic grounds. One of the first innovation in atmosphere optimisation to be 
developed by BOC Gases for these furnaces were Nitrazone barriers for the entry and exit® These 
baniers, which are a combination of physical and gas baniers, have been widely adopted by the industry. 
A typical example of an exit barrier is shown in Figure 1.

In aluminium heat exchanger blazing the curtains are usually manufactured from glass fibre roving. If the 
final row of curtains at the entry end is close to the furnace hot zone then a heat shield must be provided 
The spacing of the curtains should ideally be such that a single brazement would not break through all the 
curtains at any one time. However, this is not always possible with long work pieces and then it is 
essential, if atmosphere integrity is to be maintained, that the atmosphere flow is sufficient to keep out ah' 
with the curtains lifted

The lower plemmi chamber may be omitted for some applications but in aluminium heat exchanger brazing 
die nitrogen it provides helps to flush out air trapped in die undersides of the brazements before they enter 
die furnace hot zone. A well designed and installed Nitrazone barrier will typically save 30% of gas flow 
compared with an open ended furnace.
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Figure 1. A typical Nitrazone barrier
Nitrogen

Flow reduction techniques - closed loop control

A low oxygen, low water vapour atmosphere is needed to ensure good joint quality in aluminium brazing 
applications using the Nokolok process.01 To achieve these low oxygen levels nitrogen is injected into the 
brazing furnace through one or typically, several, injectors. Normal practice is to set a sufficiently high 
nitrogen flow rate throughout the furnace to achieve the desired oxygen concentration. This flow rate is not 
necessarily the minimum that could be achieved for a given set of conditions nor is it necessary to maintain 
this flow during non-productive periods when a very low oxygen level is not required

Under practical conditions nitrogen flow rates are usually set during the installation of the furnace and are 
based on a combination of oxygen measurement and product assessment. Once set, they are rarely 
changed except upward by the production personnel when there is a problem. The result is that these “set 
flows” are somewhat higher than the theoretical minimum flow required to maintain a given oxygen level. 
The extra flow provides a safety margin against any unforeseen causes of air ingress.

One means of maintaining the oxygen level in the furnace at a desired set point is by using some kind of 
closed loop control where the oxygen level at the location of interest is monitored and used to change the 
nitrogen flows. The simplest variation of this control scheme can be to have the output from a single 
oxygen analyser controlling the nitrogen flow at a single injector. This technique does not work very 
effectively because by the time the sensor detects a change in oxygen level too much air ingress has already 
occurred This causes the control system to demand too high a nitrogen flow to restore the set point 
resulting in large excursions in oxygen level and little effective reduction in overall flow. In addition the 
oxygen level at the critical point has exceeded the set point possibly compromising quality. This can only 
be avoided by setting the control point artificially low again resulting in increased flow requirements.

Flow reduction techniques - dynamic control



The oxygen level at a sampling point is the net result of the nitrogen flowing near that point and the air 
ingress which occurs near that location. Adventitious oxygen can occur due to air ingress from the parts 
inlet or exit, (although these sources of oxygen are minimised by the use of BOC Gases’ Nitrazone 
barriers) leaks in the enclosed space, or air entrapment by parts moving into the furnace. Because of the 
complex nature of the brazements it is this latter source which is the major cause of air ingress in aluminium 
heat exchanger brazing. Usually higher nitrogen flows result in lowering of the oxygen level, though the 
reverse trend can be obtained as well if the gas flow dynamics are not well understood. The minimum 
nitrogen required to obtain a specific level of oxygen is extremely difficult to predict a priori and can usually 
be done only through numerical computer modelling.(4>

Nitrogen

Brazing Furnace

Oxygen
Analyser

Oxygen
Analyser

Oxygen
Analyser

Flow ControllerComputer

Entry Nitrazone barrier Exit Nitrazone barrier

Figure 1. Schematic of the Nitrapilot system.

While controlling oxygen levels using conventional closed-loop control was found to be ineffective, a 
system based on measuring the oxygen at several points should be able to minimise nitrogen usage. BOC 
Gases has developed a controlling algorithm by which oxygen level control can be achieved using either 
two or three oxygen sensors placed strategically in the furnace. The signals from these analysers are used 
in the algorithm to determine the minimum nitrogen required to purge out the ingressed air without causing 
fluctuations in the oxygen level This minimum nitrogen requirement is optimised to ensure that the time 
averaged nitrogen consumption is minimised as well A schematic of this patented system, denominated 
Nitrapilot^ is shown in Figure 1.

The operation of the unit is fully automatic. Besides using gas-saving control stabilising strategies the 
control software can also lower the nitrogen flow considerably when the parts have not been presented for 
brazing for some time (called the ‘Hold’ mode). Additionally, in order to cut down the system response 
time to resumed production and achieve the required oxygen level in the minimum time, the software



maximises nitrogen flow temporarily when production is resumed (‘Purge Mode’). This can be done with 
or without a high capacity flow bypass valve in addition to the regulated nitrogen flow controller. When 
product is detected or the operator intervenes the unit switches to ‘Process Mode’ for the duration of the 
product run. This mode of operation ensures that the atmosphere gas requirements of the furnace are 
minimised at all times. Further modes are available for manual operation and to set-up the system 
operating parameters. To assist with production control displays of total nitrogen consumption, average 
nitrogen flow rate and average oxygen level are always available. In addition to the above the system logs 
both oxygen levels in the furnace and the gas flows in use. These data can be downloaded using the simple 
Windows based software (Figure 3) for further analysis or to verify correct processing.

Figure 3. Point and click Windows based software

Production experience

Eariy applications of the Nitrapilot system were in wave and reflow soldering furnaces in die electronic 
packaging industry. These furnaces, at around three metres, are typically quite short by the standards of 
typical aluminium brazing furnaces and have high rates of internal atmosphere circulation. This meant that 
the response time of the system had to be fast in order to maintain a consistently low oxygen level A full 
report of the results in this type of furnace have been published elsewhere.(6)

For the aluminium brazing application one oxygen analyser was placed in the centre of the furnace hot zone 
(Centre Analyser) at the most critical location where maximum control is required One analyser was



placed near the parts inlet (Left Analyser) to detect air ingress from that direction, mainly from that trapped 
within the brazements, and another at the parts exit (Right Analyser). Due to the high condensate content 
of the aluminium brazing furnace atmosphere it was necessary to develop a special gas sampling system 
incorporating filtration and a method of preventing sample line clogging. A mass flow controller controlled 
the nitrogen flow to the injectors along the length of the furnace A personal computer was used to analyse 
the oxygen data and send controlling signals to the nitrogen flow controller.

In manual operation the furnace was supplied with nitrogen through four injectors which are identified in the 
fiimace schematic in Figure 4. The majority of the flow (between 27 and 32 m /h dependent upon the 
operator) was directed through Injector 2 with the remainder distributed between the others providing 
feeds to the fast cool section and the Nitrazone barriers. These secondary feeds totalling 22.5 rrf/h were 
reduced to 17 m3/h to increase the range available within which to flex the main flow and remained fixed for 
all the trials. The computer guided mass flow controller manipulated the flow through Injector 2. A 
minimum flow of 9 m/h was found to be necessary to maintain the maximum permissible hydrogen chloride 
concentration consistent with a high quality product

Injector 1 Injector 2

Injector 3
Injector 4

II 1 1 1 1

I*" "ll ■ • I 1

I
Left Analyser Centre Analyser Right Analyser

Figure 4. Schematic of the production brazing furnace

During production in ‘Process Mode’ it was observed that fire average flow through Injector 2 was 15.6 
m3/h This equates to a flow reduction of 34% over the manual control system. The oxygen level in the 
critical part of the hot zone for brazing did not rise beyond that required for high quality brazing at any time 
and the quality of the product was satisfactory to the furnace operator. During non-productive penods the 
system progressively reduced the flow through Injector 2 to 9 m3/h giving an overall flow reduction of 47%.
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Figure 5. Typical production data from an aluminium brazing furnace

The data shown in Figure 5 are typical of the data obtained It can clearly be seen that although oxygen 
ingresses with the work at the furnace entry (left analyser) and to a lesser extent at the exit (right analyser) 
the furnace nitrogen flow is varied such that the oxygen level in the brazing zone (centre analyser) remains 
constant at the desired level.

Conclusions

The Nitrapilot system ensures that aluminium brazing furnaces operate at the optimum nitrogen flow rate at 
all times, minimising atmosphere costs. It has been demonstrated that for a production aluminium brazing 
furnace flows can be reduced by between 30 and 40% depending on usage pattern.
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Improved gap Idling in furnace brazing

P F Stratton and D G Groome - BOC Gases

Abstract

It is well known that the surface finish and 
cleanliness of the components prior to furnace brazing 
has a significant effect on the quality of the brazed 
joint. The presence of any oil, grease, oxide or other 
surface contaminant will adversely affect the flow of 
the braze alloy and lead to ‘dry joints1. It was 
suggested that the atmosphere redox potential in the 
part of the furnace prior to the braze zone and in the 
braze zone itself affected the ability of the braze alloy 
to fill gaps.

In order to check this hypothesis a test piece 
was designed which determined the ability of the 
braze alloy to wet the parent metal and fill gaps under 
given atmosphere conditions. The pre-treatment and 
brazing activities were carried out separately to avoid 
interactions although modelling showed that such 
conditions could he generated within the same 
furnace using atmosphere zoning techniques.

It was demonstrated for both copper and steel 
that oxidation to fomi a tight adherent oxide, followed 
by reduction just prior to the braze operation, 
produced the optimum combination of gap filling and 
final surface appearance.

The benefits of this improved brazing process to 
the user include the ability to braze less accurately 
machined joints and a reduced set-up time.

Introduction

It is well known that the surface finish and 
cleanliness of the components prior to furnace brazing 
has a significant effect on the quality of the braze (1). 
The presence of any oil, grease, oxide or other surface 
contaminant will adversely affect the flow of the braze 
alloy and lead to ‘dry joints’. It was proposed, 
however, that a freshly reduced surface would have a 
higher surface ‘activity’ than an already oxide free 
surface, as has been found in other metallurgical 
treatments (2). Although the surface would have less 
‘gloss’ which might be critical in some decorative 
applications it would be more wettable by the braze 
alloy resulting in better gap filling.

In order to test this hypothesis a series of 
experiments was carried out with different brazing pre
treatments. As the various atmospheres to be used to 
create the different conditions might interact in the 
furnace they were carried out separately with the 
minimum delay between the treatments. Following the 
establishment of the optimum operating conditions 
modelling was carried out to confirm if such differential 
conditions could be maintained within a typical 
brazing furnace or if a special design would be 
required.

Theoretical Considerations

The diagram in Figure 1 shows the IT:H20 ratio 
required to oxidise a range of metals. The higher the 
ratio the more reducing the atmosphere, thus if the 
atmosphere composition is above the line the oxide 
would be reduced, and below the line the metal 
oxidised. It can clearly he seen that it is relatively easy 
to prevent oxidation of copper and slightly less so the 
oxidation of iron. In fact it is so easy to prevent the 
oxidation of copper that at brazing temperatures water 
cracks sufficiently to provide the required H2:H20 ratio
(3).

To produce a fluxing action, not only must the 
atmosphere be reducing, hut the kinetics must be 
favourable. This is to some extent controlled by how 
reducing the atmosphere is to the oxide but other 
factors such as oxide morphology and brazing time 
and temperature also play a role. In practice therefore 
it is necessary to have some hydrogen present in the 
atmosphere to actively reduce any oxides present (4). 
It was found that under the time/temperature 
conditions used in the experiments an atmosphere of 
nitrogen/3% hydrogen had sufficient reducing power 
for both copper and steel.
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Figure 1. The oxidation boundaries of various metals

A corollary of the above is that it is very difficult to 
oxidise copper or iron in the presence of free hydrogen and free 
oxygen is required. At the temperatures in the brazing furnace, 
pre-heat hydrogen reacts readily with oxygen to form water 
vapour (3) (Figure 2) which is effectively reducing to copper as 
is discussed above but would be oxidising to iron. It has been 
shown that at the pre-heat temperatures used for copper 
brazing in the experiments (600tC) the oxidation rate of copper 
is proportional to the logarithm of the oxygen partial pressure 
(5). For the experiments therefore, mixtures of nitrogen and air 
were used to generate a range of oxide thicknesses in a fixed 
time typical of the preheating time in a brazing cycle.

Although iron would be oxidised by water vapour it would 
be difficult to produce the required controlled oxidation in the 
time available. Small oxygen additions (as air) were therefore 
made to nitrogen alone in the same way as for the copper 
samples.

Oxygen

Figure 2. The temperature dependence of the reaction between 
oxygen and hydrogen

Experimental Procedure

A simple brazing test piece was devised to give a 
consistently increasing braze gap but which did not require 
accurate machining. The test piece consisted of two 300mm 
lengths of 15mm diameter tube which were bound together with 
copper wire at each end. At a distance of 250mm from one end 
a 1mm diameter wire was placed between the tubes producing a 
constantly increasing and consistent gap. For the copper trials 
a 75mm length of braze alloy (PhosO (BS1845:1984 CP3) 
supplied by Thessco Limited) weighing 2g which was 
calculated to be sufficient to fill 75% of the joint length was 
placed at the point where the tubes touched.

For the steel trials the same weight of braze alloy (H12 
(BS1845:1984 AG7) supplied by Thessco Limited) was used but 
as a 50mm wire. A schematic of the assembly is shown in 
Figure 3.

Table 1 Copper pre-treatments

Treatment
No

Pre-treatment Appearance

1 As received (degreased by vendor) Inconsistent cold drawn gloss with some discoloration
2 Degreased in trichloroethylene just prior to treatment Inconsistent cold drawn gloss with some discoloration
3 Treated in industrially pure nitrogen (2ppm oxygen) 

at 60071"
Consistent cold drawn gloss

4 Cleaned in a nitrogen/3%hydrogen atmosphere at 
730tC

Consistent cold drawn gloss

5 Oxidised in nitrogen/0.3% air at 600tC for 7 minutes Consistent adherent oxide
6 Oxidised in nitrogen/0.5% air at 600tC for 7 minutes Consistent adherent oxide
7 Oxidised in nitrogen/0.1% air at 600tC for 7 minutes Consistent very thin adherent oxide
8 Oxidised in nitrogen/0.05% air at 600tC for 7 minutes Consistent almost invisible adherent oxide
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Figure 3. Schematic of the test piece

The assemblies were subjected to the range of pre
treatments shown in Table 1 before being brazed in a 
nitrogen/3% hydrogen atmosphere at 730tC for the copper 
samples and 840tC for the steel using a laboratory 300mm wide 
mesh belt furnace. At least four samples were treated for each 
set of conditions with further samples being treated if the 
variation in results exceeded 10%.
The oxide layers produced were very thin and were therefore 
characterised in terms of the metal to oxygen level in the 
surface layers determined by energy dispersive x-ray analysis 
(EDX).

Results and Discussion

Non-oxidising treatments on copper. The results of the 
experiments in which the samples were cleaned using 
treatments that did not oxidise the surfaces is shown in Table 2.

Table 2 Experimental results for non-oxidising treatments on 
copper

Treatment
No

Pre-treatment Maximum 
gap filled 
(mm)

1 As received (degreased by 
vendor)

0.28-0.30

2 Degreased in trichloroethylene 
just prior to treatment

0.292-0.308

3 Cleaned in industrially pure 
nitrogen (2ppm oxygen) at 600tC

0.292-0.296

4 Cleaned in a 
nitrogen/3%hydrogen 
atmosphere at 730tC

0.28-0.34

oxidation site nucleation at low oxygen levels (5). It is 
suggested, however, that this atmosphere at 60071' would be 
sufficiently oxidising to ensure the removal of any residual 
organic material from the surface.

To ensure that some other pre-existent surface 
contaminant that could inhibit brazing and would normally be 
removed by the brazing atmosphere was not present samples 
were processed through the furnace under the standard brazing 
conditions but without the braze alloy present. This treatment 
resulted in some small, but inconsistent, improvement.

Oxidising treatments on copper. The results obtained for 
samples pre-treated under a range of oxidising conditions is 
shown in Figure 4. It can clearly be seen that the improvement 
in gap filling is optimum when a very thin oxide layer with a 
copper to oxygen ratio of between 4.5 and 3.3 was present 
before brazing.

Maximum gap fitted mm

Figure 4. The effect of pre-oxidation on the maximum gap filled

It is considered that the reduction in gap filling 
performance at lower copper to oxygen ratios is caused by 
flashing. Once the maximum bead length has been obtained 
increases in surface activity serve only to allow the braze alloy 
to spread over the surface of the component away from the 
joint resulting in braze alloy starvation in the joint and reduced 
bead length.

Non-oxidising treatments on steel. The results of the 
experiments in which the samples were cleaned using 
treatments that did not oxidise the surfaces is shown in Table 3.

As can clearly be seen the results on steel for non
oxidising pre-treatments were more variable than for copper 
with balling of the braze alloy occurring in one particularly dirty 
sample.

It can be seen from Table 2 that none of the non-oxidising 
treatments had any significant effect on brazing performance. 
A second degreasing operation just prior to treatment 
produced a marginal but statistically insignificant improvement 
as did treating the samples in an industrially pure nitrogen 
atmosphere at 600tC. It has been shown that treatment of 
copper in low oxygen atmospheres for short periods does not 
result in an oxide film probably due to a relatively slow

Table 3 Experimental results for non-oxidising treatments on 
copper

Treatment Pre-treatment Maximum
No gap filled

(mm)



1 Cleaned but not degreased 0-0.272
2 Degreased in

trichloroethylene just prior to 
treatment

0.232-0.424

Oxidising treatments on steel. The limited number of 
experiments carried out on steel test pieces showed much more 
consistent results than for the non-oxidising pre-treatments. 
Samples oxidised in an 0.1% oxygen atmosphere at 660°C for 10 
minutes resulted in gaps of 0.428-0.452mm being filled. It 
proved impossible in the laboratory furnace to reduce samples 
oxidised at 0.2% oxygen at 660°C for 10 minutes prior to the 
braze and results were poor. Further work is required to 
optimise the pre-oxidation conditions and determine the effect 
of pre-oxidation when using the more conventional higher 
temperature braze alloys.

Practical Applications

contains a small amount of residual oxygen. For the pre- 
oxidation stage this oxygen level could be controlled to give 
the correct pre-oxidation conditions and for the reducing stage 
be reacted with hydrogen either in the furnace or externally 
over a catalyst to produce a suitable atmosphere.

BOC Gases has applied for a patent (7) for this process 
which has been given the tradename “Nitrabraze”.

Modelling

BOC Gases has developed a computer software package 
based on the results of computational fluid dynamics which can 
be used to model the atmosphere within a brazing furnace (8). 
This Nitraware software was used to model a typical brazing 
furnace to demonstrate that the use of Nitrazone technology 
could generate the independent atmosphere zones within the 
furnace hot zone necessary to carry out the process described 
above.

Whilst a separate pre-oxidation step is satisfactory for 
experimental work it would not be cost effective in a production 
environment. In practice therefore, the pre-oxidation step must 
be carried out contiguously with the brazing operation, 
preferably without the need for a specially designed furnace. 
Separate atmosphere zones could be created within the furnace 
hot zone using the BOC Gases’ Nitrazone technology (6) as 
described below but other base atmosphere parameters also 
require consideration.

Typically copper brazing is carried out in an 
exothermically generated gas atmosphere. Such atmospheres 
contain hydrogen, carbon monoxide, carbon dioxide and water 
vapour as well as nitrogen. The hydrogen and carbon 
monoxide present in the atmosphere would react with any 
oxygen (as air) added to a pre-oxidation zone creating water 
vapour and carbon dioxide which, as shown above, are not 
oxidising to copper. It would be necessary therefore to make 
sufficient oxygen addition to convert all the hydrogen and 
carbon dioxide in the pre-treatment zone plus a small excess to 
give the required oxidation.

It has been shown that the free oxygen level required for 
optimum results is in the range 0.2 to 0.3%. As exothermically 
generated gas used for brazing typically contains a combined 
hydrogen and carbon monoxide level of between 2 and 22% (1) 
it can be seen that the control of a small excess of oxygen 
would be difficult especially as the hydrogen and carbon 
monoxide are not themselves controlled. The best results are 
therefore likely to be achieved using an inert nitrogen based 
atmosphere system as described in the experiments with air 
added to the pre-treatment zone for the oxidation step and 
hydrogen to the brazing zone for the reduction step.

Alternatively an atmosphere system based on 
noncryogenically generated nitrogen would be equally 
effective and in some cases more economical. Nitrogen can be 
generated noncryogenically using either pressure swing 
adsorption (PSA) or membrane technologies (3). Such nitrogen
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Figure 5. Atmosphere profile achieved by the application of 
zoning technology

The results of the modelling are shown in Figure 5. In this 
example a typical 10 m (30 ft) long brazing furnace was 
modelled. Atmosphere injectors at 1 m, 2 m, 2.5 m and 8.6 m (3 
ft, 6 ft, 7ft 6 inches and 28 ft) from the furnace entrance were 
used to create the zones. An oxidising nitrogen/air mixture was 
injected through the first two injectors and a reducing 
nitrogen/hydrogen mixture through the third. Nitrogen injected 
through the fourth ensured that only a non-flammable mixture 
left the furnace through the exit curtains.

The result is a sharp transition from a low oxygen 
atmosphere with no hydrogen, but a slightly raised dew point, 
at the front of the hot zone to a nitrogen/hydrogen only 
atmosphere, with a low dew point, in the brazing zone.



Conclusions

Pre-oxidation of the hrazement followed by reduction 
greatly improves the gap filling ability of the braze alloy in 
furnace brazing of both copper and steel. The optimum 
conditions for the pre-oxidation are those to form a thin, tightly 
adherent oxide. Under experimental conditions such an oxide 
was formed with exposure of the brazements to 0.1% oxygen in 
nitrogen at 600flC for 7 minutes in copper and 0.1% oxygen at 
660°C for 10 minutes for steel.
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ATMOSPHERE BRAZING OF STAINLESS STEEL 

P F Stratton*

ABSTRACT

The number of brazed stainless steel assemblies required by industry is rising rapidly mainly driven by 
the automotive sector. Many of these assemblies are now being brazed in atmosphere furnaces^ If a 
well brazed bright product is to be obtained then care has to be taken in the selection of all the 
components of the brazing system. One element of the “Braze AuditA ” developed by Burner and 
Flame Technology Limited is to get the conect protective atmosphere. Tire fundamentals o 
atmosphere design are discussed particularly with regard to die brazing of stainless steel followed by 
practical advice on its application to commercial installations and how to troubleshoot them, 
technique to minimise costs when treating materials that are susceptible to nitrogen pick-up ^discussed 
and advice is given on die safe use of flammable atmospheres particularly in respect of the NFPA 86L 
safety standard Finally some case studies horn the automotive sector are examined

INTRODUCTION

As die volumes of stainless steel assemblies rise to meet the demands of the automotive industry the 
brazing of these assemblies in atmosphere furnaces is becoming increasingly popular. If a well brazed 
bright product is to be obtained then care has to be taken in the selection of all the components of die 
brazing system A systematic approach to this selection process is die “Braze AuditA ” (Ref. 1). If dus 
procedure lias been followed then we can assume diat all these elements have been optimised and that 
Mure to produce a high quality part is not due a fundamental fault in the brazing system but one of fine

tuning.

mis paper aims to explicate tot fine tuning for to furnace and more particularly its protective 
atmosphere. Some of die options that will have been considered dining the Braze AuditA wdl be 
discussed together with the consequences of their selection. The fundamentals of atmosphere design 
will also be discussed with regar d to the brazing of stainless steel with the aim of identifying the causes of 

below specification product

ATMOSPHERE FUNDAMENTALS

An understanding of die fundamentals of atmosphere/metal interactions is essential to die understanding 
of to atmosphere brazing process (Ref 2). The basic function of to fianace atmosphere mbrazmg is to 
protect both the parent metal and the filler from oxidation. To acliieve this the oxygen partial pressme

* BOC Gases, European Teclinical Centre, Rother Valley Way, Holbrook, Sheffield S20 3RP, UK



of the atmosphere must be less than that necessary to form the oxide. If the partial pressure is above 
that required, the metal will oxidise; below it and the oxide will be reduced

In atmospheric pressure systems the oxygen level can be reduced by simple flushing with an inert gas 
such as nitrogen. Indeed this technique will reduce the oxygen level below that required to oxidise 
silver. However even high purity nitrogen contains one or two parts per million of oxygen, and furnace 
leaks are inevitable. Therefore, to reduce the oxygen further, it is reacted with an active gas such as 
hydrogen.

02 + 2H2 => 2H20 (1)

Thus the oxygen partial pressure is related to the Tfe-H20 ratio. The diagram in Figure 1 shows the 
H2H20 ratio required to oxidise a range of metals. The higher the ratio the more reducing the 
atmosphere, thus if the atmosphere composition is above the line the oxide would be reduced and 
below the line the metal oxidised So it is easy to prevent oxidation of copper but impossible to 
suppress oxidation of aluminium. It is the component of the system that requires the most reducing 
atmosphere which must be considered the critical element. However, for most practical purposes, 
elements with concentrations below 1% can be ignored as they do not form continuous oxide films.

200 400 600 800 1.000 1,200
o

Temperature C

Figure 1. The oxidation boundaries of various elements

To produce a fluxing action, not only must the atmosphere be reducing, but the kinetics must be 
favourable. This is to some extent controlled by how reducing the atmosphere is to the oxide but other 
factors such as oxide morphology and brazing time and temperature also play a role.

As well as protecting both the parent metal and the filler and/or reducing the oxides already present, the 
brazing atmosphere has some secondary roles. The first of these is to ensure that the assembly leaves 
the furnace in the same oxide free condition as was achieved for the braze. As can be seen from



Figure 1, for many materials the HtiF^O ratio required to keep the assembly bright rises as the 
temperature falls, making the cooling zone the most critical part of a continuous furnace. Secondly, if 
the furnace atmosphere is flammable, and allowed to bum off at the exit, oxidation of assemblies can 
occur as they pass through the flame front Such problems are best avoided, either by using a non
flammable atmosphere or ensuring that any flammable component is diluted below the flammable limit 
before the exit

The third additional role of the atmosphere is to remove unwanted binders from a furnace where braze 
pastes are used. This can be achieved either by physical flushing or be reacting the binder with a 
component of the atmosphere. To use reactive binder removal it is usually necessary to restrict the 
active atmosphere component to the entry areas as they are deleterious to the components at the 
brazing temperature. These differing requirements, together with the need to minimise the total quantity 
of atmosphere gas used, and hence minimise cost, are best achieved using BOC's patented Nitrazone 
atmosphere zoning technology (Ref. 3). This technique allows the use of different atmospheres in 
different zones in a continuous furnace and help to minimise the overall atmosphere consumption.

APPLYING THE FUNDAMENTALS TO STAINLESS STEEL BRAZING

Nickel alloy brazing of stainless steel is carried out at temperatures in the range 930°C to 1200°C 
depending upon the nickel alloy used The critical metal with regard to the atmosphere requirements is 
chromium. From Figure 1 it can be seen that at 1000°C even using 100% hydrogen, a dew point of- 
37°C is required to prevent oxidation of chromium. However, experience has shown that to produce 
good joints, dew points better than -50°C are required in practice to reduce the small amounts of 
chromium oxides present in the time available (Ref. 4).

Hydrogen
vent

Hydrogen
vent

Nitrazone barriers

Figure 2. BOC Nitrazone atmosphere zoning system applied to a humpback furnace

To achieve such low dew points it is essential that the furnace is leak free. One option to meet this 
requirement is to use a so-called humpback furnace which has a metal muffle, shown in Figure 2. A



combination of this type of furnace design and the application of BOCs Nitrazone technology can 
produce suitable conditions for brazing stainless steel at minimum cost

Applying zoning technology it is possible to use 100% hydrogen in the hot zone of the furnace and 
achieve a non-flammable gas mixture at the furnace entry and exit The majority of the hot zone 
hydrogen is burnt off at well designed separate vents as shown in the diagram. As the gases at the entry 
and exit are non-flammable, curtains can be employed to reduce the flow rate required to maintain a 
positive pressure within the furnace If, however, there is a need to bum off a paste binder or the 
presence of physical curtains would damage the green assembly, then they may be omitted but at the 
cost of increased atmosphere usage.

Very similar considerations apply to the alternative flat bed furnaces. However, such furnaces will in 
general terms require more atmosphere gases to maintain good conditions than the humpback design. 
The flat bed mesh belt furnace may have a capital cost of around 10% less than the humpback but 
would require around 30% more atmosphere flow (Ref.5).

CASE STUDY

An example of the use of a humpback furnace in brazing stainless steel components for the automotive 
industry is to be found at Shalibane, Camberley, Surrey, UK. Shalibane braze a range of fuel rails in 
AISI 316 stainless steel mainly for engines manufactured in Europe by General Motors using a copper 
braze paste (Innobraze ML 100/NC). The Mahler hump back furnace (Figure 3) is zoned as described 
above with 100% hydrogen in the hot and cooling zones and nitrogen at the ends.

Figure 3. A Mahler humpback stainless steel brazing furnace at Shalibane pic.



Figure 4. Robot braze paste application at Shalibane pic

Figure 5. AISI 316 stainless steel GM Corsa fuel rails entering the brazing furnace

The fuel rails have the paste applied by robot (Figure 4) to enable Shalibane to manufacture a 
consistently high quality product in laige volumes. Figure 5 shows fuel rails for the GM Corsa 3 cylinder 
engine entering the furnace. 6000 of these rails a week are supplied to the Bosch plant in Numberg. 
Figure 6 shows the consistently bright finish produced on fuel rails for the Innovate engine built at 
VauxbaU’s Ellesmere Port to power the GM Saturn in the US. All fuel rails are tested at 4 bar pressure 
to ensure leak tightness.



Figure 6. Bright fuel rails after brazing.

NITROGEN SENSITIVE MATERIALS

Some stainless steels and filler alloys in, particularly applications where corrosion resistance is important, 
are sensitive to nitrogen. In most furnace atmospheres nitrogen can be considered as inert but at high 
temperatures such as those at the top end of the range used for stainless steel brazing molecular nitrogen 
can breakdown to form nascent nitrogen which then diffuses into the steel. On cooling this nitrogen 
combines with chromium at the grain boundaries forming chromium nitride denuding the grain boundary 
region of chromium and forming a path for inteigranular corrosion (Ref 6). It is inevitable that some of 
the nitrogen used to form barriers at the entry and exit will diffuse into the hot zone unless hydrogen 
flows are uneconomically high

HJAr
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Figure?. Flat bed sintering furnace

One solution to this problem in stainless steel annealing has been to introduce small amounts of oxidant 
to produce a thin oxide surface layer which retards nitrogen diffusion (Ref 7). However, this solution is 
not applicable to processes which require an oxide See surface such as sintering and brazing. To 
overcome this problem BOC Gases has developed and patented a process using truly inert argon as a 
barrier between the hydrogen and the nitrogen (Refs. 8 and 9).



The process, shown in Figure 7 applied to a flat bed, mesh belt sintering furnace, resulted in the 
atmosphere profile shown in Figure 8. This atmosphere profile, which was confirmed by analysis, 
ensured that very low levels of nitrogen (less than 1%) were present in those areas of the furnace where 
there was a risk of nitriding and in tests no nitriding was observed The process was very cost effective 
compared to filling die furnace with hydrogen and eliminated the need for components to pass through 
an exit flame curtain which would have tarnished them.

The above only applies where a source of high purity hydrogen is used If cracked ammonia is the 
source of the hydrogen there is an irreducible risk of nitriding as it is not possible to eliminate the 
nitrogen. In addition there is always a risk of ammonia cany over from a faulty ammonia cracker which 
would exacerbate the situation.

Figure 8. Atmosphere composition profile of zoned furnace

ATMOSPHERE TROUBLESHOOTING

The most common atmosphere related fault in stainless steel brazing is oxidation. Gross oxidation, 
usually resulting in a green component poorly brazed, if at all, occurs in the furnace hot zone. In the vast 
majority of cases it has one of two causes; either insufficient atmosphere flow allowing air to ingress into 
the furnace or a leak in the fumace muffle. Many muffles do not have atmosphere sampling points 
because they act as stress raisers and hence give rise to early failure of the muffle. It is therefore 
necessary to use a long sample tube to measure the dew point in the hot zone. However, with this sort 
of oxidation a high dew point can be taken as read



Raising the flow may cure both types of problem but at significant ongoing cost Indications of a leaking 

muffle are:-
1. A problem on a furnace that has previously produced good work at this flow, particularly when the 

flow required to produce good work has been rising over a period However, it should be taken 
into account that the wear ing of entry and exit curtains can produce the same symptoms.

2. Non-unifonn oxidation across the width of fire belt
3. Re-reduction of some or all of the oxide in a later part of the hot zone,
4. Indications of low flow rate are:-
5. Non-existent or weak hydrogen bum- oils at vents where used
6. The flame front not reaching the furnace entry and exit where the furnace has a flammable 

atmosphere these points.
7. Tire total atmosphere flow to the furnace is significantly less than 0.0014 niVh per square millimetre 

of total furnace opening.

Light oxidation or tarnishing is usually accompanied by a good braze and occurs either in die furnace 
cooling zone or as the component passes through a flame front at the furnace exit It is possible, as we 
can see from Figure 1, for the atmosphere to be reducing to chromium in die hot zone but oxidising in 
the cooling zone. Such cases can often be cured by raising die hydrogen level in the cooling zone or 
slighdy increasing die overall flow. If diese measures fed to correct the problem anodier source for a 
small air ingress, such as a small leak, particularly in die cooling zone or air entering in enclosed areas of 
the workpiece, must be considered.

The problem of passing through a flame front can be eliminated using BOC Nitrazone atmosphere 
zoning technology, as described above, to ensure that the exit gas is non-flammable. This not only 
eliminates tarnishing but reduces costs by decreasing the amount of expensive hydrogen used

SAFETY

Safety is an important consideration when operating furnaces with flammable atmospheres. BOC Gases 
applies die highest possible safety standards to their atmosphere systems[10]. While some elements of 
these standards vary slightly the main requirements are:-

1. When the furnace temperature is above 760°C, a flammable atmosphere gas may be introduced or 
removed, either by the “bum in/bum ouf * method or the “purge in/purge ouf ’ method using an inert 
gas.

2. When the furnace temperature is below 760°C, a flammable atmosphere gas must be introduced 
using the ‘“purge in/purge ouf’ mediod using an inert gas.

3. Flammable gases must not be introduced into a furnace until a source of ignition is present at all 
exits. Atmosphere flow rate must be sufficient to maintain a stable bum-off under all conditions.

4. Sufficient flow of atmosphere gas must be ensured at all times to maintain furnace pressure and 
pr event air ingress. There must be visual indication of the atmosphere flow rate, and an alarm must 
signal abnormal flow conditions.



5. A sufficient inert gas purge must be available automatically should any potentially-dangerous 
situation occur. The flow of this purge must be monitoned in the same way as the atmosphere gas 
flow. A manually initiated purge flow must also be available.

6. Design of systems to ensure that sufficient purge gas is always available.
7. The automatic safety purge must be initiated in the event of power failure, loss of earner gas flow, 

or if the furnace temperature fails below 750nC In addition, safely shut-off valves must be 
provided such that all addition gases and flammable carrier gases are cut off when the purge is 
initiated and require manual intervention to re-establish their flow when all safety conditions have 
been satisfied

8. Any potentially dangerous situation should result in an audible and visual alarm.
9. Easily-accessible isolation valves must be provided at a safe distance fiom the furnace.
10. Pipelines are constmcted to a standard suitable for the gas or liquid to be carried.
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Brazing in High Power Electronics
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Abstract

Brazing is not a process immediately associated with 
electronics applications but it is in fact the major 
means of joining in high power free electron devices 
such as travelling wave tubes, magnetrons and 
klystrons. The full range of controlled atmosphere 
brazing techniques must be employed to meet the 
demands for quality and precision. The range of 
techniques used is illustrated by just a few of the 
many hundreds of different devices manufactured by 
Marconi Applied Technology at Chelmsford, UK.

Introduction

Brazing is not a process immediately associated with 
electronics applications but it is in fact the major 
means of joining in high power, free electron devices 
such as travelling wave tubes, magnetrons and 
klystrons. The range of specialist materials, braze 
alloys and brazing techniques used in the 
manufacture of a single device are larger than would 
be encountered by the average brazing engineer in his 
entire career. The complexity of the devices means 
that most assemblies are step brazed. Although four 
or five steps are typical, some assemblies need as 
many as nine, with brazing temperatures ranging from 
molybdenum/ruthenium at 2000nC down to 
copper/silver eutectic at 780jC. Lower melting point 
braze alloys are not used because they generally 
contain elements that would vaporise under the hard 
vacuum and temperature conditions inside the 
devices and cause contamination. The same problem 
generally limits the form of the braze alloy to material 
preforms cut from wire or thin sheet.

Processing techniques include nitrogen/hydrogen 
atmosphere mesh belt furnaces for higher volume 
production, pusher and bell furnaces with 
atmospheres ranging from 5 to 100% hydrogen,

vacuum furnaces with argon backfill for improved 
cool down times and finally induction brazing in a 
controlled nitrogen/hydrogen atmosphere. Each 
process is selected to produce the best possible 
results given the constraints of the materials in the 
assembly and the previous brazes carried out.

Furnaces are also used in the preparation of materials 
to make them suitable for high vacuum applications. 
For example pure iron is used as part of the vacuum 
envelope in some products for its magnetic 
properties. Commercial pure iron contains a higher 
level of carbon than is acceptable for vacuum 
applications. In order to reduce this level the material 
is decarburised in a wet hydrogen atmosphere.

Precision and quality are the watchwords in these 
high value products. All the assemblies are either 
jigged or designed to be self-jigging to maintain 
precision. Most of the jigs are stainless steel that has 
been oxidised in humidified nitrogen/hydrogen at 
1050jC to prevent wetting by the braze material, but 
some carbon, alumina and molybdenum jigs are also 
used. In the design phase it is particularly important 
to ensure that no trapped volumes are created 
between components that are joined together. 
Trapped gases would diffuse out during operation 
and could contaminate the assembly depending on 
the gases evolved. Even inert gases are potentially 
damaging as they could raise the internal pressure 
sufficiently to prevent the device from working.

Assembly is carried out in humidity and temperature 
controlled clean rooms. To keep the parts and 
assemblies leaving the clean room for processing in 
good condition between operations, they are stored 
either in heated cabinets or in continuously purged 
nitrogen boxes. The use of nitrogen/hydrogen 
atmosphere processing ensures that the product is as



clean, if not cleaner, when it leaves the furnace as 
when it went in.

In many cases it is not possible to asses or test the 
quality of the product until the final sealing operation 
has been completed and the product is under high 
vacuum. Every effort is therefore made to ensure that 
all the materials used, including the braze alloys, meet 
the required tight specifications. Where possible, 
sub-assemblies are leak tested on a helium mass 
spectrometer to ensure hermetic seal integrity.

Because of the huge range of assemblies produced at 
any given site, it is not possible or useful to describe 
all the processes required to make them. Just a few of 
the assemblies and sub-assemblies manufactured by 
Marconi Applied Technology at Chelmsford are 
described below to illustrate the range of processes 
used. Marconi Applied Technology are world leaders 
in the manufacture of free electron devices which 
have uses ranging from marine radars to industrial 
cookers and from television transmitters to cancer 
treatment.

Mesh belt furnace brazing

The relatively large production volumes associated 
with the production of magnetrons for marine radars 
allow the use of dedicated mesh belt furnaces for the 
brazing operation. At first, it was quite difficult to set 
up these furnaces because they are accessed from a 
clean room that is at a higher pressure than the area 
housing the furnaces. This resulted in the clean room 
atmosphere blowing down the furnace and degrading 
its nitrogen/10% hydrogen atmosphere.

Figure 1 Magnetron anode assemblies entering the 
mesh belt brazing furnace

The problem was solved by fitting a series of 
automatic air locks and gas bypass systems operated

by actuators on the jig fixture. The assemblies 
passing through the final door are shown in Figure 1.

The joints in this example are between copper, ceramic 
and nickel alloy components and are made using 
silver/copper eutectic braze. On melting this forms a 
higher temperature alloy joint than the original 
eutectic because silver dissolves in the copper body. 
This means that more than one brazing operation can 
be carried out at the same temperature using 
silver/copper eutectic. The sequence of parts 
assembly is shown in Figure 2 and the other two sub- 
assemblies that go to form the completed vacuum 
core assembly are shown entering the furnace in 
Figures 3 and 4.

Figure 2 The components of the magnetron assembly

Figure 3 Magnetron cathode sub-assemblies on jigs 
entering the mesh belt brazing furnace



Figure 4 Vacuum evacuation tube sub-assemblies 
entering the mesh belt brazing tumace on a jig

Step brazing

a gold 80%/copper 19%/iron 1% alloy which has a 
liquidus of9107C.

4* stage is to join another sub-assembly to the main 
structure. This sub-assembly has once again been 
brazed with pure copper 1083tC. This sub-assembly is 
attached via a glass to metal seal that in this case is 
performed using induction heating in air.

5* stage is to join another sub-assembly to the main 
structure. This sub-assembly has had two previous 
step brazing operations one using pure copper and 
the second using silver/copper eutectic 780tC, this is 
joined using a TIG weld.

Step brazing is carried out either in a series of pusher 
furnaces (Figure 5), each maintained at a set 
temperature and with an appropriate atmosphere for 
the braze to be carried out, or in vacuum furnaces for 
larger assemblies. A typical copper assembly for a 
defence application is shown in Figure 6 complete 
with its oxidised stainless steel jig prior to vacuum 
brazing with a copper/silver alloy. Several further 
brazing steps will be required before final assembly of 
the vacuum carcass that is usually carried out using 
TIG welding.

Figure 5 A series of controlled atmosphere pusher 
furnaces used for step brazing

The joining sequence for one magnetron anode 
assembly manufactured from a variety of ceramic, 
copper and nickel alloys is:

b* stage is to join the final sub-assembly which has 
been brazed using gold/copper/iron alloy. This is 
also joined to the main structure by TIG welding.

All of these joints have to provide a perfect hermetic 
seal such that no leak is detectable when the 
component is tested on a helium leak detector at a 
pressure of 10‘12 mbar. It should be noted that while 
other braze filler materials could have been used for 
the above sequence of operations the ones used have 
been selected to suit the materials being joined and 
the service application for this particular component.

Figure 6 An assembly jigged ready for vacuum step 
brazing

Is1 stage brazing is carried out joining copper to a 
nickel alloy using a gold 37.5%/copper 62.5% alloy 
which has a liquidus temperature of IOOOtC.

2nd stage brazing is carried out joining copper and a 
nickel alloy using a gold 62.5%/copper 37.5% alloy 
which has a liquidus temperature of 94071'.

3rd stage brazing is carried out joining a previous pure 
copper brazed sub-assembly to the anode body using

The vacuum carcass is baked and pumped down to a 
hard vacuum before final sealing. On some devices 
gas is evolved during initial operation and testing. To 
maintain a very low pressure, small vacuum ion 
pumps are fitted as an appendage to the device. 
These ion pumps use elements such as titanium to 
absorb and trap any gas that is liberated. The ion 
pump components shown in Figure 7 are assembled 
from previously brazed ceramic and nickel alloy



components with kovar interlayers and are about to 
be brazed using a gold/copper alloy.

Figure 7 Step brazed ion pump components

Bell furnace brazing

Figure 8 Bell furnace installation

Bell furnaces are used for larger assemblies (Figure 8). 
These can be supplied with atmospheres ranging from 
5% hydrogen in nitrogen for copper up to 100% 
hydrogen for stainless steel. Stainless steel brazing 
requires an atmosphere with a dew point of -60tC for 
the best results typically using a 
silver/copper/palladium alloy at 950nC. To ensure that 
the temperature profile of larger components meets 
the specification for the braze to be carried out,

wherever possible the control thermocouple for the 
furnace is attached to the largest mass of the part.

Figure 9 Megawatt power klystron components prior 
to bell furnace brazing

Some assemblies for large megawatt power klystrons 
awaiting bell furnace brazing are shown in Figure 9. 
The ceramic used in these devices is mainly alumina 
which acts as a window through which amplified radio 
frequency power is transmitted to the outside world. 
Prior to brazing the alumina, usually 94 or 99% pure, is 
treated with a molybdenum/manganese paint. The 
paint is fired on, then nickel plated, which results in a 
hermetic seal after brazing.

Induction brazing

When an assembly needs a component added that 
contains a material that cannot be heated to brazing 
temperature, such as glass, induction brazing is used. 
Figure 10 shows the addition of a glass encapsulated 
“getter” (this performs a similar function to the ion 
pumps described above) to an assembly. The 
process is carried out in an enclosure that is purged 
with nitrogen/10% hydrogen to prevent oxidation. It 
takes only a few seconds to braze together the two 
copper components using a silver based braze alloy.



Figure 10 Induction brazing a glass encapsulated 
“getter” showing the controlled atmosphere 

enclosure and a detail of the inductor

Final Assembly

Little evidence of the vast amount of brazing carried 
out is evident in the final assembly. However, the 
cut-away of a magnetron used in a linear accelerator 
for the treatment of cancer in Figure 11 and a part of 
the section of an inductive output television 
transmitter tube in Figure 12, show the complex 
internal structure all held together by a series of high 
precision brazes to form a hermetically sealed vacuum 
chamber with all its components accurately aligned.

Figure 12 A section of an inductive output television 
transmitter tube

Conclusions

Although it is not apparent from the finished 
component the task of a brazing engineer in the 
manufacture of free electron devices is both complex 
and challenging. The full range of controlled 
atmosphere brazing techniques must be employed to 
meet the high quality, high precision requirements of 
the products, but with the selection of materials 
limited by the need for vacuum compatibility. At 
Marconi Applied Technologies those challenges are 
met and overcome to produce world class products.

Figure 11 Cut-away of a Magnetron used in a linear 
accelerator
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Value-Added Considerations for Aluminum Brazing Atmospheres

Tony Palermo and Paul Stratton, BOC Gases

Abstract

Optimal use of brazing furnace atmospheres is important for operating cost, quality, and consistency 
reasons. The introduction of nitrogen to a furnace and regulation of its subsequent flow patterns are 
key to the realization of superior results. Techniques to model and impact these characteristics will 
be described. The interactions between atmospheres and fluxes are also considered Suggested 
methods for operating cost savings will also include suggestions for use of real-time atmosphere 
analysis-based central systems and on-site nitrogen generation.

Introduction

Controlled Atmosphere Brazing (CAB) of aluminum alloys using a non-corrosive fluxing agent, 
imder the trade name NOCOLOK®, is now established as the predominant process for brazing heat 
exchangers of all types. NOCOLOK® flux was developed by Solvay Fluor in cooperation with 
Alcan Aluminum. In today’s automotive industry almost all car’ and truck radiators, oil coolers, and 
air conditioning heat exchangers ar e manufactured this way. To obtain a brazed joint one or both 
surfaces must be manufactured from a suitable clad material. The cladding alloy has a melting point 
20-30°C (36-547C F) below that of tire core material. During die brazing process die potassium 
duoro-aluminate flux dissolves die oxide layer from the aluminum alloy surface and promotes 
capillary flow of die melted cladding alloy. After cooling and re-solidification very strong joints are 
obtained, stronger than the parent metal. The remaining flux residue may also act to inhibit 
subsequent corrosion.

One of the most critical elements of the brazing process is die atmosphere used to protect die flux. 
Without die protective atmosphere, usually nitrogen, the flux would be rendered useless by reaction 
with oxygen well before it could do its job of cleaning the joint at elevated temperatures. The major 
variables affecting the performance of the nitrogen atmosphere are its dew point pnd oxygen content 
Assuming die incoming brazements ar e dry, the major variables affecting these parameters are 
nitrogen source, furnace design, and flowrate.

Optimization of these atmosphere parameters has a significant impact on operating cost, and quality 
and consistency of the brazed product The introduction of nitrogen to a furnace and regulation of its 
subsequent flow patterns are keys to die realization of superior results. Techniques to model and 
impact these characteristics are described in tins paper. The interactions between atmospheres and 
fluxes are also considered Suggested metiiods for operating cost savings include the use of real
time atmosphere analysis-based control systems and on-site nitrogen generation.
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Atmosphere Composition

Different sources recommend different minimum atmosphere quality requirements [1,2]. This is 
because the atmosphere composition is only one side of the successful brazing triangle shown in 
Figure 1.

Figure 1 The critical factors for successful brazing

The first leg of the triangle is heating rate. If it is too fast, then the brazement will not be at the same 
temperature throughout when some sections reach brazing temperature. Some areas may not reach 
brazing temperature at all resulting in dry joints. If the temperature is raised to compensate then 
melting of the hotter areas can occur. If the heating rate is too slow, the flux will have extra time to 
react with any oxygen present in the atmosphere and may become completely depleted before the 
brazing temperature is reached. It is generally recommended that the heating rate should be greater 
than 20tiC (367iF)/minute consistent with maintaining a temperature uniformity of ±3tcC (5tiF) across 
the brazement at brazing temperature.

The second leg of the triangle is flux loading. It is generally accepted that flux loading should be kept 
as low as possible. If a high flux loading is used to compensate for a poor atmosphere not only will 
it result in additional cost, but also the reactions of the flux and atmosphere will result in high levels of 
gaseous species such as KA1F4 and HF leading to corrosion and deposition problems.

The third leg of the triangle is the furnace atmosphere. Both water vapor and oxygen content are 
critical to success. It is generally recommended that the dew point should be less than -40tiC (- 
40tiF) and the oxygen concentration below 100 ppm. Both are important because both react with 
the flux and render it incapable of reacting with the surface oxides during the brazing process. Figure 
2 by Claesson et al [3] clearly shows this effect
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Figure 2 The effect of atmosphere composition on brazability

Atmosphere Introduction and Retention

The use of nitrogen to create a low oxygen, low water vapor atmosphere in continuous aluminum brazing 
(CAB) furnaces is essential to the process. However, for the best economics the flow must be kept to the 
minimum consistent with obtaining a good brazed joint. Modeling has shown that the most effective place 
to introduce the atmosphere is in the center of the furnace [4], In this position the atmosphere will flow 
equally to the front and back of the furnace, optimizing its effectiveness in preventing air ingress.

This optimal position may be modified in CAB brazing so that the high purity atmosphere is introduced in 
the “brazing zone” (the area in which brazing actually occurs), or slightly before it, where the atmosphere 
composition is most critical. It should also be taken into consideration that the main source of water 
vapor in the furnace can be the brazements themselves that have not been adequately dried after flux 
application. In this case, a predominance of flow towards the entry end of the furnace is beneficial.

There may also be a need to make modifications where a re-circulating atmosphere cooling system is 
fitted to the furnace. These systems, by their nature, operate with one leg of the ducting below 
atmospheric pressure and are thus prone to leaks. In these cases it can be advantageous to introduce 
some atmosphere into this leg to minimize any leak effect.

One of the first innovations in atmosphere optimization to be developed by BOC for these furnaces 
was Nitrazone barriers for the entry and exit ends of a CAB line [5], These barriers, which may be 
a combination of physical and gas barriers or, simply, physical barriers, have been widely adopted 
by the industry. A typical example of an exit barrier is shown in Figure 3. In CAB furnaces the 
curtains are usually manufactured from ceramic fiber or stainless steel strip materials. These curtains 
may be placed in various locations throughout the CAB line. At a given location there are typically a 
series of curtains spaced from each other in a
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manner such that at least one or two curtains will always be in the down position as a work piece 
passes. It is essential, if atmosphere integrity is to be maintained, that the atmosphere flow is 
sufficient to prevent air ingress while some of the curtains are lifted

Furnace
Exit

Nitrogen

Thick Curtains

'l
Nitrogen

Figure 3. A typical Nitrazonc barrier

The lower plenum chamber may be omitted for some applications but in aluminum heat exchanger 
brazing the nitrogen it provides helps to flush out air trapped in the undersides of the brazements 
before they enter the furnace hot zone. A well designed and installed Nitrazone barrier will typically 
save 30% of nitrogen gas flow compared with an open-ended furnace.

Atmosphere Modeling

It has been shown that modeling can be very useful in optimizing atmosphere flows, introduction 
locations, and furnace design [6]. For example using computational fluid dynamics it is possible to 
visualize the effect of continuous drafts on a curtained furnace. A continuous furnace with curtains 
fitted was modeled with a pressure difference of 0.038mm (0.015 in.) ffeO between the ends 
(equivalent to a draft of 1.4km/h (0.85 mph) at the exit end of the furnace). Figure 4 shows that the 
effect of the draft was not severe, with the high integrity atmosphere zone
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shifting only some 300mm (12 in.) in the direction of the draft A similar result was obtained when 
the severity of the draft was almost doubled to die equivalent of 2km/h (1.2 mph), except that more 
oxygen penetrated the second set of curtains. Experimental data from a production ftimace showed 
the same trends as those predicted by the model.

Curtain 2
Inlet 2

Curtain 1

Q (ppm) 
1oooooor

100000
no draught

10000
(Computed

2km/h draught
ablual.......Computed'

Distance from entrance (m)

Figure 4 The effect of a small continuous draft (draft from right to left).

Similar models at different flow rates were able to show that a furnace employing the minimum flow 
necessary to exclude air under static conditions is quite prone to the effects of external air currents. 
By increasing the inert gas flow rate, the furnace becomes more resistant to these currents. These 
results also explain why similar furnaces placed at different locations in the plant require different 
flow rates in order to maintain a low oxygen atmosphere. A flow increase of up to 50% may be 
necessary to maintain furnace integrity in a very drafty location.

The most common air currents encountered in any building are transient, i.e. they arise and subside 
within a matter of a few seconds in response to, for example, doors opening and closing. If the 
furnace is subjected to a relatively large transient draft for 2 seconds, the change in the oxygen 
profile inside the fumace is dramatic. Figure 5 shows the effect of such a draft on the predicted 
oxygen profile inside the fumace. The pressure at the inlet end changes from zero
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to 5mm (0.2 in.) HO in 0.5 seconds, lasts for 1 second, and dies down to zero in the last 0.5 
seconds of the 2-second cycle. The model predicts that the oxygen atmosphere is compromised 
throughout the furnace within 3 seconds due to air ingress from the inlet, and it is only after 70 
seconds or so that the oxygen levels are reduced to their initial values.

Curtain 2
Inlet 3Inlet 1 Curtain 1

10000

02 (ppm)
1000000 F

100000 T

= 0 & 70 seconds

6 seconds

3 second^

Distance from entrance (m)

Figure 5 The effect of a moderate transient draft (draft from left to right).

The simulations showing the effect of the transient surges indicate that a furnace is more resistant to 
transient surges than to steady-state long-lived pressure differences between the inlet and exit For 
most minor drafts, air ingress affects only the first 500mm (20 in.) or so of the furnace. These 
effects subside in a matter of a few seconds and are hard to detect using standard oxygen 
measurement techniques. Such effects also contribute to the larger errors in gas analysis from 
samples taken in the vicinity of the furnace openings. As has been demonstrated above, with 
unusually large air currents furnace atmospheres can be totally destroyed

Dynamic Atmosphere Control

In CAB furnaces it is normal practice is to set a sufficiently high nitrogen flow rate throughout the 
furnace to achieve the desired oxygen concentration. This flow rate is not necessarily the minimum that 
could be achieved for a given set of conditions nor is it necessary to maintain this flow during non
productive periods when a very low oxygen level is not required.
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Under practical conditions nitrogen flow rates are usually set during the installation of the furnace and are 
based on a combination of oxygen measurement and product assessment. Once set, they are rarely 
changed except upward by the production personnel when there is a problem. The result is that these 
“set flows” are somewhat higher than the theoretical minimimi flow required to maintain a given oxygen 
level. The extra flow provides a safety margin against any unforeseen causes of air ingress.

One means of maintaining the oxygen level in the furnace at a desired set point is by using some type of 
closed-loop control where the oxygen level at tire location of interest is monitored and the data and logic 
are used to dynamically change the nitrogen flow rates. The simplest variation of this control scheme can 
be to have the output from a single oxygen analyzer controlling die nitrogen flow at a single injector. Tins 
technique does not work very effectively because by the time the sensor detects a change in oxygen level 
too much air ingress has already occurred. This causes the control system to demand too high a nitrogen 
flow to restore the set point resulting in large exclusions in oxygen level and little effective reduction in 
overall flow, hi addition the oxygen level at the critical point has exceeded the set point possibly 
compromising quality. This can only be avoided by setting the control point artificially low again resulting 
in increased flow requirements.

The oxygen level at a sampling point is the net result of die nitrogen flowing near that point and the air 
ingress diat occurs near that location. Adventitious oxygen can occur due to air ingress from the parts 
inlet or exit, leaks in the enclosed space, or air entrapment by parts moving into die furnace. Because of 
die complex nature of the brazements it is this latter source which is the major cause of air ingress in 
aluminum heat exchanger brazing. Usually higher nitrogen flows result in lowering of the oxygen level, 
though the reverse trend can be obtained as well if the gas flow dynamics are not well understood. The 
minimum nitrogen required to obtain a specific level of oxygen is extremely difficult to predict a priori and 
can usually be done only through numerical computer modeling.

While controlling oxygen levels using conventional closed-loop control was found to be ineffective, a 
system based on measuring die oxygen at several points should be able to minimize nitrogen usage. BOG 
has developed a controlling algorithm by which oxygen level control can be achieved using eidier two or 
three oxygen sensors placed strategically in the furnace [7]. The signals from these analyzers are used in 
the algorithm to determine the minimum nitrogen required to purge out the ingressed air without causing 
fluctuations in the oxygen level. This minimum nitrogen requhement is optimized to ensure drat the time 
averaged nitrogen consumption is minimized as well. A schematic of the system is shown in Figure 6.
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Figure 6. Schematic of the Nitrapilot system.

For aluminum brazing one oxygen analyzer was placed in the center of the furnace hot zone (center 
analyzer) at the most critical location where maximum control is required. One analyzer was placed near 
the parts inlet Qeft analyzer) to detect air ingress from that direction, mainly from that trapped within the 
brazements, and another at the parts exit (right analyzer). Due to the high condensate content of the 
aluminum brazing furnace atmosphere it is necessary to develop a special gas sampling system 
incorporating filtration and a method of preventing sample line clogging. A mass flow controller controls 
the nitrogen flow to the injectors along the length of the furnace. A personal computer may be used to 
analyze the oxygen data and send controlling signals to the nitrogen flow controller.

The data shown in Figure 7 are typical. It can clearly be seen that although oxygen ingresses with 
the work at the furnace entry end and, to a lesser extent, at the exit end, the furnace nitrogen flow is 
varied such that the oxygen level in the brazing zone (“center” in Figure 7) remains constant at the 
desired level. During a production trial, a flow reduction of 34% over the manual control system was 
achieved. The oxygen level in the critical part of the hot zone for brazing did not rise above that required 
for high quality brazing at any time and the quality of the product was satisfactory to the furnace 
operator. During non-productive periods the system progressively reduced the flow giving an overall 
flow reduction of 47%.
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Figure 7. Typical production data from an aluminum brazing furnace. 
(See Figure 6 for directional conventions.)

Nitrogen Supply Mode

Nitrogen atmospheres for CAB processing may be provided by one of three modes of supply: (1) 
cylinder gas, (2) vaporized bulk liquid, and/or (3) on-site gas generation. The primary factors which 
determine the optimal supply mode are: (a) “normar operating flow rate demand and pattern, (b) 
‘'peak” flow rate demands (e g., emergency purge requirements), (c) proximity to merchant liquid 
nitrogen air separation units (i.e., distribution costs), (d) purity requirements, and (e) electrical energy 
unit costs.

In most of North America, average nitrogen flow rates below 1,000 scfh will call for a cylinder gas 
supply mode. Average nitrogen demand between 1,000 scfh and 15,000 scfh will be most 
economically supplied via a vaporized bulk liquid mode. Above 15,000 scfh, on-site nitrogen 
generation will likely be the preferred supply mode. Another requirement for economical supply via 
on-site generation mode is that the nitrogen demand must be relatively continuous in nature (7 
days/week x 24 hours/day or perhaps 6 x 24).

Peaking flow demands may require an increase in vaporization capacity over that established for 
normal operations. On-site generator supply schemes are normally accompanied by a bulk liquid 
nitrogen supply system for reasons of meeting peaking demands and serving as back-up supply in 
the event of a generator outage.
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For CAB, high purity nilrogen generators (typically ciyogenically produced nitrogen) are favored 
due to requirements of the brazing process. Non-cryogenic generators (e.g., membrane, PSA) 
become expensive to operate as nitrogen purity requir ements become more 
stringent Because any hydrogen in tire furnace would react willr “free” oxygen in die nitrogen 
supply to form water, and thus make tire atmosphere unusable, non-cryogenic method of nitrogen 
generation are typically pr ecluded The usual method of reducing die oxygen level of non- 
cryogenically generated nitrogen to low levels is to add hydrogen and pass die mixture over a 
catalyst to react widi die excess oxygen and form water diat can be subsequently removed with a 
drier. However, this process requires an excess of hydrogen drat would react with any dree oxygen 
in die furnace, thus producing an unacceptably high dewpoint

Summary

There are a number of measures that may be taken to realize the maximum value from a continuous 
aluminum brazing (CAB) furnace atmosphere. Successfid brazing begins widi development oh and 
adherence to, proper operating practices regarding heating rate, flux loading, and furnace 
atmosphere (low oxygen and dew point levels). The quality and consistency of the braze, as well as 
operating economics, are greatly influenced by die interaction between diese thr ee variables.
Furnace curtains serve a valuable role in maintaining an atmosphere of high integrity. Nitrogen 
intr oduction points, flow rates, and curtain arrangements ate important considerations in preventing 
damaging air ingress episodes. Atmosphere monitoring and control is not as simple as it may seem 
on first glance. Multi-point sampling, advanced control algorithms, and integrated flow control 
systems may provide die combination of consistent high quality product and lowest operating costs. 
The selection of an optimal nitrogen supply mode must consider bofli atmospher e flow requirements 
and operating schedule. A thorough analysis is required in order to make the pr oper selection.
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CONTROLLED ATMOSPHERES FOR BRIGHT BRAZING

P. F. Stratton* *, A. McCracken4,

ABSTRACT

There are many routes to achieving the perfectly brazed joint, each with its particular 
applications. For medium to large production runs, where the product is required in a bright, 
flux free condition, furnace brazing in a controlled atmosphere is often the best option. The 
choice of atmosphere can be critical not only to the quality of the resultant joint and condition of 
the parent metal(s) but to the economics of the process.

This paper outlines the strengths and weaknesses of the commonly used furnace atmospheres in 
relation to their use in brazing and discusses their relative cost. The atmospheres considered 
include pure dry hydrogen, exothermically generated gas and endothermically generated gas in 
continuous furnaces and wet and dry hydrogen in batch furnaces. The components considered 
range in weight from a few grams to over 100 kg, in materials from mild steel to stainless steel 
and from prototypes to veiy large production runs. Each of the major applications is illustrated 
by reference to some of the brazements treated at Kepston Limited, Wednesbury, UK.

KEYWORDS

Brazing Atmospheres, Nitrogen, Hydrogen

INTRODUCTION

One way to control the formation of oxides during brazing and also reduce oxides present after 
precleaning is to surround the braze area with an appropriate controlled atmosphere in a furnace. 
Controlled atmospheres do not perform any primary cleaning but can reduce surface oxides and 
promote wetting in the same way as fluxes [Ref.l]. Oxides, coatings, grease, oil, dirt, and other 
contaminants must be properly cleaned off before brazing. Like computer programming, 
garbage in usually means garbage out.

One company that offers its customers a wide range of such controlled atmosphere furnaces to 
braze assemblies is Kepston Limited of Wednesbury, UK, who have over 25 years experience in 
furnace brazing. Kepston justifiably prides itself on the quality of its products, as Figure 1 
shows. The atmospheres available at Wednesbury include pure dry hydrogen, exothermic or 
endothermic gas in continuous furnaces and wet or dry hydrogen in batch furnaces. This 
flexibility gives Kepston the ability to braze components from a few grams to 100 kg plus, in 
materials from mild steel to stainless steel, from prototypes to veiy large production runs.

* BOC, Rother Valley Way, Holbrook, Sheffield S20 3RP, UK
* Kepston Limited, Units 13-15, Western Way, Wednesbury, West Midlands WS10 7BW, UK



Figure 1: Typical components brazed in controlled atmospheres furnaces

Furnace brazing is particularly applicable for high-production brazing in continuous conveyor- 
type furnaces. For medium-production work batch type furnaces are preferable. In both types, 
heating is usually by electrical resistance although other types of fuel can be used in muffle-type 
furnaces. The parts should be self-jigging or fixtured and assembled with Filler metals pre
placed near or in the joint. The pre-placed filler metal may be in the form of wire, foil, powder, 
paste, slugs, or preformed shapes.

Figure 2: AISI 304 stainless steel jigged fuel distributor A-pipe

An example of a jigged part is the fuel distributor A-pipe, manufactured for General Motors by 
Shalibane Engineering, shown in Figure 2. This AISI 304 stainless steel assembly is brazed in a 
pure hydrogen atmosphere in a hump back furnace. The assembly is jigged on small stainless 
steel brackets to keep the joints away from the belt. In addition, a graphite sheet is sometimes 
placed between the assembly and the belt to stop possible contamination of the belt with the



copper brazing alloy, in paste form in this example.

In continuous-type furnaces, several different temperature zones are advisable to provide the 
proper preheat, brazing, and cooling temperatures. For copper brazing the hot zone temperatures 
would typically be set at 1050, 1075 and 1090°C although the final zone temperature may be 
raised to 1100°C for thicker section work. The atmosphere in each zone can be tailored to the 
function of that zone using BOC’s Nitrazone technology [Ref. 2], The speed through a 
conveyor-type furnace must be controlled to allow the correct time at the brazing temperature. 
The speed ranges from 150 mm/minute for heavier sections such as the elbows in Figure 3 to 500 
mm/minute for thin wall sections. Furnace loading is critical for consistent results and great care 
is taken to ensure this is constant, either by weighing each batch of small parts or specifying 
separations for larger ones. It is also necessary to support the brazing assembly properly so that 
it does not move while travelling on the belt. This may require special fixtures, but most 
brazements are designed to be self-supporting.

Figure 3: Self jigging hydraulic elbows

An example of self-jigging parts are mild steel hydraulic fittings brazed in a flat bed furnace 
using an endothermic atmosphere (Figure 3). These components are often pressure tested after 
brazing to ensure that a leak tight joint has been formed before they are returned to the 
manufacturer.

Controlled atmospheres are most commonly used in furnace brazing but may also be appropriate 
in induction or resistance brazing. Furnace brazing requires an atmosphere that protects the 
assemblies against oxidation and, in the case of steels, against decarburisation during brazing and 
also during cooling, which takes place in chambers close to, or contiguous with, the brazing 
furnace.

Controlled atmospheres have several advantages over the use of flux. If the job can be done 
without flux, there is no need for a post-braze clean-up to remove residues. A controlled 
atmosphere will also prevent formation of oxides and scale over the entire part. Therefore, in



many applications, parts can be machine finished prior to brazing and then go directly to a 
coating or plating operation without intermediate cleaning. Finally, only the use of atmospheres 
can prevent damage from flux contamination produced by some techniques.

GASES USED IN FURNACE BRAZING

All the components of a controlled atmosphere make contributions to the brazing process.

Hydrogen is an active agent for the reduction of most metal oxides at elevated temperatures. 
Hydrogen can cause embrittlement in some materials but is not usually a problem in slow cooled 
products such as brazements.

Carbon monoxide is an active reducing agent to some metal oxides such as those of iron, nickel, 
cobalt and copper at elevated temperatures but it is toxic and should be treated with care [Ref. 3]. 
It can serve as a source of carbon through cracking in the cooling zone of the furnace to form 
free carbon on the surface of the brazement. This may be useful in brazing some carbon steels 
but undesirable in other applications.

Carbon dioxide is both an oxidant and a decarburising agent for steels. It will oxidise iron, and 
some alloying elements such as chromium, manganese, and vanadium.

Nitrogen used as a diluent in the brazing section of a furnace allows the proportion of hydrogen 
in the mixture to be kept below the explosive level. As a straight atmosphere, it is inert to most 
metals and will therefore prevent oxidation during cooling. Nitrides may be formed in 
susceptible materials such as stainless steel, at high temperatures.

Water vapour is both an oxidant and a decarburising agent for steels. The reducing ability of an 
atmosphere containing hydrogen depends primarily on the H2:H20 ratio, which must exceed 10:1 
if the atmosphere is to be reducing to steels and be even higher for other elements such as 
chromium (Figure 4). The amount of water in any atmosphere is given by its dew point (the 
temperature at which the moisture in the gas will condense).

Oxygen in the brazing atmosphere is always undesirable.

Methane may come from the atmosphere gas as generated or from organic materials left on the 
part by inadequate cleaning. It can serve as a source of carbon and hydrogen.

Sulphur or sulphur compounds may be an unintentional contaminant in the atmosphere and can 
react with the base metal to inhibit wetting. They usually come from contaminated fuel gases.

Inorganic vapours such as zinc, cadmium, lithium, and fluorine compounds can serve to reduce 
metal oxides and scavenge oxygen from the atmosphere. They are useful to replace constituents 
of alloys that are formed during brazing. Such vapours are also toxic and proper safety 
precautions should betaken.

Inert gases such as helium and argon form no compounds with metals. They inhibit the 
evaporation of volatile components and permit the use of weaker retorts than are required for



vacuum processes.

A vacuum process removes essentially all gases from the brazing area and therefore eliminates 
the need for purifying the supplied atmosphere. It is, however, the most expensive option. 
Certain base metals, such as stainless steels, superalloys and aluminium alloys have oxides that 
will dissociate in the vacuum at brazing temperature. A vacuum also prevents difficulties 
sometimes experienced when gases given off by the base metal contaminate the joint interface. 
The low pressure also removes volatile impurities from the base and filler metals. Vacuum 
brazing is particularly useful in the aerospace, electronic and nuclear fields, which may use 
metals that react chemically with reducing atmospheres or cannot tolerate entrapped fluxes or 
gases | Ref. 4],
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Figure 4: The oxidation boundaries of various elements

The above discussion shows that the only components of the usual brazing atmosphere that act as 
fluxes or reducing agents are hydrogen and carbon monoxide. All other constituents are either 
neutral or may even promote reactions potentially harmful to the service life of the brazement. 
They have nothing to do with the formation of a good braze.

Even more significant is the fact that the absolute levels of hydrogen and carbon monoxide are 
not critical. What counts is the ratio of hydrogen to water and the ratio of carbon monoxide to 
carbon dioxide [Ref. 5], These two ratios alone determine the reducing capacity of the 
atmosphere. Of the two gases, hydrogen is more reactive than carbon monoxide, and the 
hydrogen:water-vapour ratio is most critical as far as the fluxing capability of an atmosphere is 
concerned.

The ability of a hydrogen-containing atmosphere to reduce metal oxides depends on the 
temperature, the oxygen content (measured as dew point), and the pressure of the gas. Since 
most furnaces operate at atmospheric pressure, only temperature and dew point play a part. For 
the more reactive metals, the higher the processing temperature, the higher the dew point (or



oxygen content) that can be used (Figure 4). In other words, the higher the brazing temperature, 
the lower the can be for any given metal. Or, to put it yet another way, the reducing
capacity of a given amount of hydrogen increases with temperature.

The selection of the FfcHhO ratio depends on the most difficult oxide to be removed. If copper 
is to be brazed to stainless steel, for example, then a ratio suitable for reducing chromium oxide 
must be selected. Also, sufficient time must be allowed for the reducing action to take place. 
Even when brazing steels, high hydrogen exothermic atmospheres are required, particularly 
when the dew point of the atmosphere is high.

Exothermically Generated Atmospheres

Many brazing atmospheres are produced from the products of combustion of a hydrocarbon fuel. 
The most common are exothermic atmospheres where the burning of metered mixtures of 
hydrocarbon fuel gas and air generates sufficient heat to maintain the reaction. An exothermic 
atmosphere containing small quantities of hydrogen and carbon monoxide is the least expensive 
of the generated atmospheres. It is adequately reducing for many applications, has a relatively 
low sooting potential and requires a minimum of generator maintenance. Because the gas 
usually has a high dew point (water vapour content) it reacts with residues from brazing pastes 
and eliminates the small amounts of soot that might otherwise be formed. The majority of 
brazing atmospheres are exothermic, and they are generally used to braze mild steel or low- 
carbon steel.

Exothermically generated atmospheres have some drawbacks. Two of these are their toxicity, 
due to their carbon monoxide content, and their flammability. They are also decarburising to 
medium and high carbon steels and cannot be used where this must be avoided.

Endothermically Generated Atmospheres

If the ratio of fuel gas to air is high enough, the reaction becomes endothermic and requires the 
addition of heat and a catalyst for combustion to occur. Endothermically generated atmospheres 
are more reducing than exothermically generated ones but are more expensive to produce. They 
have a high carbon monoxide content and can therefore be carbon neutral to medium and high- 
carbon steels although they can also be used for mild steels. Their high reducing capability 
makes them suitable for a fairly wide range of metals and alloys.

Take for example the select lever assembly manufactured by West Bromwich Spring for Ford 
(Figure 5). This mild steel assembly is brazed using a copper paste at three different joints in an 
endothermic atmosphere. Because the material is mild steel, the carbon content of the 
atmosphere and the component are in balance and no additions are needed to control carbon 
potential. There are big variations in cross sectional area so that this part would be difficult to 
process in a single zone furnace. A three-zone furnace, with the first two zones set below the 
melting point of the copper to act as a pre-heat can be used. The parts then enter the third zone, 
which is only 10-15°C above the melting point of copper. This means the time at final 
temperature is minimised giving excellent control over the flow of the copper.



Figure 5: Copper brazed mild steel select lever assembly

Another example is the mild steel piston assembly brazed for Jebron Door Closures. In this 
assembly, shown in Figure 6, the rack has a copper shim under it and copper paste is placed on 
the end plates. Care must be taken when processing components with such wide variations in 
cross-section. The braze alloy can melt, a fillet can form, but capillary flow can be limited 
because the thicker section has not reached the brazing temperature.

Figure 6: Copper brazed piston assemblies 

High Hydrogen Atmospheres

Dissociated ammonia has a high hydrogen content and is therefore a very reducing atmosphere. 
It is used mostly in brazing stainless steel or other nickel alloys. However, ammonia is 
extremely toxic and its use is discouraged by legislation in many countries. Nitrogen-hydrogen



mixtures or 100% hydrogen depending on the reducing power required have largely supplanted 
it.

Hydrogen is relatively expensive so anything that can be done to reduce the amount used is 
beneficial. A hump-back furnace can reduce the total flow needed IRef. 6], requiring some 30% 
less gas flow than a conventional flat bed furnace. BOC Nitrazone technology also reduces the 
proportion of hydrogen used, with high hydrogen in the hot zone only and high nitrogen at the 
ends of the furnace.

Figure 7: Bright brazed AISI 304 stainless steel water pressure assemblies

One of the components treated in such a furnace at Kepston is a water pressure assembly 
manufactured by Shalibane Engineering Ltd. for Audi AG. The AISI 304 stainless steel 
components are brazed in a 100% dry hydrogen atmosphere using an internal copper ring. It can 
clearly be seen from Figure 7 that the result is a bright, well-brazed part. These assemblies are 
jigged on stands that ensure consistency of throughput and assist with the flow direction of the 
internal copper ring. The stands also make inspection easier.

Pure hydrogen atmospheres are equally suitable for brazing steels other than stainless steels. In 
the example shown in Figure 8, the solenoid guide tube assembly, destined for an off-highway 
application, consists of both AISI 304 stainless steel and mild steel. The surfaces are so bright 
that is difficult to tell the steels apart.



Figure 8: Copper brazed solenoid guide tubes 

Nitrogen-Based Atmospheres

A nitrogen-based atmosphere is applicable in furnace brazing whenever exothermic gas. 
endothermic gas or dissociated ammonia can be used as the reducing agent. There are several 
advantages to a nitrogen-based atmosphere. To begin with, cryogenic nitrogen has a very low 
dew point. In other words, it is a very dry gas and when hydrogen (from a liquid or compressed 
gas supply) is added, the resulting ITziFhO ratio is relatively high. That makes for a high 
reducing capacity or good fluxing. Furthermore, if a nitrogen-based atmosphere is used, the 
amount of hydrogen required is usually below the explosive limit of the mixture (4.9%).

Figure 9: Nitrogen/hydrogen brazed power steering sub-assemblies



One example of the use of such an atmosphere, in this case nitrogen/5% hydrogen is the brazing 
of power steering sub-assemblies (Figure 9). These mild steel assemblies, manufactured by 
Roulunds Codan for Renault, are brazed using a copper paste. In this case, the valve is 
assembled onto the tube using a dedicated assembly tool just prior to brazing thus avoiding any 
problems associated with the transport of pre-assembled brazements.

Another advantage of a nitrogen-based atmosphere is that no chemical flux is needed if its main 
purpose would have been to reduce oxides in atmospheres with low reducing power such as 
exothermically generated gas. The use of fluxes requires laiger joint clearance, to allow flux to 
escape and be displaced by the filler metal. This may produce a weaker joint There is also the 
additional task of removing flux residue after brazing.

A particular advantage of a nitrogen-based atmosphere is that it can be tailored to provide just 
the right level of reduction, depending on the material being processed or the stage within the 
brazing cycle. For example it may be desirable to have a slightly oxidising atmosphere in the 
preheating section of a furnace to help bum off organic compounds in paste-type filler metals. 
The brazing section of the furnace may need a strong reducing atmosphere; you may want the 
C0:C02 ratio to change with temperature changes at different points of the furnace to maintain a 
neutral atmosphere. Also, the type of atmosphere can have a detrimental effect on furnace 
components by, for example, carburising the metal belts. Accordingly BOC will provide for 
adjustments in furnace atmosphere composition either by introducing different compositions at 
different points in the cycle or, in the case of continuous furnaces, in different zones.

SUMMARY

Controlled atmosphere furnace brazing is the optimum technique to treat large volumes of joined 
assemblies. The atmosphere performs many functions and its selection requires a knowledge of 
the entire brazing process. The use of pure gases, particularly where atmosphere zoning is 
applied, often gives the best results as can be seen from the excellent results obtained by Kepston 
in partnership with BOC.
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HYDROGEN ATMOSPHERE BRAZING OF STAINLESS STEEL

P F Stratton

ABSTRACT

The number of brazed stainless steel assemblies required by industry is rising rapidly, mainly because of 
increased demand from the automotive sector. Many of these assemblies are now brazed in continuous 
atmosphere furnaces. The fundamentals of atmosphere design and the role of hydrogen are described 
particularly with regard to the brazing of stainless steel. As hydrogen is a major component of the 
atmosphere, tire sourcing of hydrogen and its distribution are also discussed Suggestions are made on 
how particular means of supply relate to various scales of operation and regional variations.

Humpback and flatbed furnaces are described together witli their advantages for stainless steel brazing. 
Some suggestions ar e made on techniques for reducing tire amount of hydrogen used together with 
some of the implications of lowering hydrogen concentrations. Finally a number of examples are given 
particularly some in tire automotive sector.

Introduction

As the volumes of stainless steel assemblies rise to meet the demands of the automotive industry, the 
brazing of these assembhes in continuous atmosphere furnaces is becoming increasingly popular [1]. To 
obtain a well-brazed bright product all tire components of the brazing system must be chosen with care. 
One of the major components of that system is the furnace atmosphere. The fundamentals of 
atmosphere design will be discussed with regard to the brazing of stainless steel.

Atmosphere fundamentals

To understand the atmosphere brazing process hilly, it is vital to appreciate tire effects of 
atmosphere/metal interactions [2]. Tire basic function of the furnace atmosphere in brazing is to protect 
both the parent metal and the filler' from oxidation To achieve this the oxygen partial pressure of the 
atmosphere must be lower than that necessary to form the oxide. If the partial pressure is above this 
level, the metal will oxidise; if below it the oxide will be reduced

In atmospheric pressure systems, simple flushing with an inert gas such as nitrogen can reduce the 
oxygen level. Indeed this technique will reduce tire oxygen level below that required to oxidise silver. 
However even high purity nitrogen contains one or two parts per million of oxygen, and furnace leaks 
are inevitable. Therefore, to reduce tire oxygen further, an active gas such as hydrogen is introduced to 
react with it

02 + 2H2 => 2H20 (1)



Thus the oxygen partial pressure is related to the HTI2O ratio. The diagram in Figure 1 shows the 
H2H2O ratio required to oxidise a range of metals. The higher the ratio the more reducing the 
atmosphere, thus if the atmosphere composition is above the line the oxide would be reduced and 
below the line the metal oxidised. So it is easy to prevent oxidation of copper but impossible to 
suppress oxidation of aluminium. The component of the system dial requires the most reducing 
atmosphere must be considered the critical element. However, for most practical purposes, elements 
with concentrations below 1% can be ignored as they do not form continuous oxide films.
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Figure 1. The oxidation boundaries of various elements

To produce a fluxing action, not only must the atmosphere be reducing, but the kinetics must also be 
favourable. This is to some extent controlled by how reducing the atmosphere is to the oxide, but other 
factors such as oxide morphology and brazing time and temperature also play a role.

As well as protecting the parent metal and the filler and reducing any oxides already present, the brazing 
atmosphere has some secondary roles. The first of these is to ensure that the assembly leaves the 
furnace in the same oxide-free condition as during the braze. As Figure 1 shows, the H H20 ratio 
required to keep the assembly bright for many materials rises as fire temperature falls, making the 
cooling zone the most critical part of a continuous furnace. Secondly, if the furnace atmosphere is 
flammable, and allowed to bum off at the exit, assemblies can be oxidised as they pass through the 
flame front Such problems are best avoided, either by using a non-flammable atmosphere or ensuring 
that any flammable component is diluted below the flammable limit before the exit

The third additional role of the atmosphere is to remove unwanted binders from a furnace where braze 
pastes are used. This can be achieved either by physical flushing or be reacting the binder with a 
component of the atmosphere. To use reactive binder removal it is usually necessary to restrict the 
active atmosphere component to the entry areas, as they would damage the assembly at the brazing 
temperature. These various requirements and the overall need to minimise the total quantity of



atmosphere gas used, and hence minimise cost, are best achieved using BOC's patented Nitrazone 
atmosphere zoning technology [3]. This technique allows different atmospheres to be used in different 
zones in a continuous furnace and helps to minimise the overall atmosphere consumption.

Applying the fundamentals to stainless steel brazing

Nickel alloy brazing of stainless steel is carried out at temperatures in the range 930°C to 1200°C 
depending upon the nickel alloy used In this case, the critical metal with regard to the atmosphere 
requirements is chromium. From Figure 1 it can be seen that at 1000°C even using 100% hydrogen, a 
dew point of -37°C is required to suppress oxidation of chromium. However, experience has shown 
that to produce good joints, dew points better than -50°C are required in practice to reduce fully the 
small amounts of chromium oxides present during the process time [4],
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Figure 2. BOC Nitrazone atmosphere zoning system applied to a humpback furnace

To achieve such low dew points it is essential that the furnace is completely free of leaks. One option to 
meet this requirement is to use a so-called humpback furnace which has a metal muffle, shown in Figure 
2. This type of furnace design combined with BOC's Nitrazone technology can produce suitable 
conditions for brazing stainless steel at minimum cost

Applying zoning technology, it is possible to use 100% hydrogen in the hot zone of the furnace and still 
achieve a non-flammable gas mixture at the furnace entry and exit The majority of the hot zone 
hydrogen is burnt off at well-designed separate vents, as shown in the diagram. Because the gases at 
the entry and exit are non-flammable, curtains can be employed to reduce the flow rate required to 
maintain a positive pressure within the furnace. If however, a paste binder has to be burnt off or the 
physical presence of curtains would damage the green assembly, then curtains may be omitted but at the 
cost of using more gas.



Figure 3. An Abbot flat bed stainless steel brazing furnace

Very similar considerations apply to the alternative flat bed furnaces (Figure 3). However, such 
furnaces will in general terms require more atmosphere gases to maintain good conditions than the 
humpback design (Figure 4). It has been claimed that a flat bed mesh belt furnace may have a capital 
cost of about 10% less than the humpback but would require around 30% more atmosphere flow [5]. 
However, recent innovations have led to flat bed furnaces designs that use similar or less amounts of 
atmosphere than a typical humpback furnace at little extra cost [6],

Figure 4. A Mahler humpback stainless steel brazing furnace.

Hydrogen sourcing

Hydrogen needed on a large scale is generally sourced from a chemical plant, where it is a by-product 
of some other process, or is generated by the steam reforming of natural gas. Although BOC can 
supply a large range of steam reforming plants, the technology does not scale down well and few if any



brazing plants require the large amounts of hydrogen produced by even the smallest economically viable 
plant The most common supply of laiger amounts of hydrogen for brazing is therefore as a compressed 
gas from one of these large sources. It is possible to liquefy hydrogen, but a very large scale of 
operation is needed to support a liquid hydrogen infrastructure. This means of delivery is therefore only 
available in the USA and mainland Europe.

Smaller amounts of hydrogen are supplied in single cylinders, which can be manifolded together if 
required If the requirement is larger, packs of twelve cylinders (MCPs) permanently manifolded 
together can be supplied In turn these can themselves be manifolded together for even larger usage. 
This supply method is very flexible.

The largest demands can be met by tube trailers (Figure 5). These trailers can either be decanted into 
the customer’s static storage or left on site and exchanged as necessary. Tube trailers can supply a lot 
of gas but the high fixed cost makes them less flexible than MCPs.

It is also possible to generate relatively small amounts of hydrogen on site using electrolytic technology. 
BOC are able to supply units with outputs from 5 to 120 NmVh. The IMET® (Figure 6) is an on-site 
and on demand hydrogen generator, including electrolytic dissociator and power supply. Individual 
designs can propose high quality and flexible solutions that integrate high safety standards. Through 
carefully chosen equipment, instrumentation and fully automated process control, IMET^-units offer 
continuous unattended and highly reliable operation. The I MET® hydrogen generator is a compact and 
easy to operate hydrogen technology that gives today’s industry the cost-effective and low maintenance 
hydrogen source it needs to stay competitive.



Figure 6. IMET® Hydrogen generator.

However, generating hydrogen on-site is sometimes not the most cost-effective option, particularly 
when the demand is variable and the capital cost of the plant has to be spread over a smaller amount of 
generated gas.

Electrolysis - how it works

To produce hydrogen gas by electrolysis, deionised water flows into the positive side of the cell where it 
dissociates into protons, electrons and oxygen (Figure 7). The oxygen is carried away by the water 
flow. The positively chaiged protons are attracted to the negative side of the cell and use the acid ion 
groups within the cell as a path to travel through die solid material. Meanwhile, the electrons flow 
through the power supply to the negative electrode where they combine with the emerging protons to 
form molecules of pure hydrogen (see Figure 7).

One long-term goal in hydrogen production is to find a completely non-polluting way to make it and the 
hope is that eventually it will be possible to produce hydrogen without using any fossil fuels. There is still 
some way to go to achieve this goal, but a number of technologies are currently being developed - such 
as methane cracking, ceramic membrane systems, biomass gasification and pyrolysis, and even plasma 
reforming - which may prove to be more environmentally friendly. They may also offer improved 
economics.



Figure 7. A schematic of an electrolysis hydrogen plant

Hydrogen purity

The purity of hydrogen can vary according to the source. From the point of view of stainless steel 
brazing, only the oxidising species are relevant and can be expressed as a water equivalent (i.e. the 
amount ot water produced if all the oxygen reacts to form water which is typically what happens in the 
furnace hot zone). Hydrogen delivered as a compressed gas might have a typical water equivalent of 3 
ppm and that from a liquid source 0.5 ppm. Although this can be important when trying to obtain the 
lowest possible dew points in high hydrogen atmospheres. Figure 8 shows that when mixed with typical 
nitrogen from a liquid source with a water equivalent of 14 ppm, the effect is minimal at hydrogen 
contents below 50%.
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Figure 8. The dew point of hydrogen-nitrogen mixtures from different sources compared to the dew 
point required for stainless steel brazing

Figure 8 also shows that, without additional purification, it is impossible to achieve the dew point 
required for stainless steel brazing with less than about 20% hydrogen in the mixture. It should be taken 
into account that these are the dew points for the input gases and that any furnace leaks will add to the 
water equivalent In practice, even the tightest furnaces can achieve good results with 30% hydrogen 
and typically 100% hydrogen is needed in the hot zone.

Examples



Figure 9. AISI 304 stainless steel jigged fuel distributor A-pipe

An example of a jigged part is the fuel distributor A-pipe in Figure 9, manufactured for General Motors 
by Shalibane Engineering. This AISI 304 stainless steel assembly is brazed in a pure hydrogen 
atmosphere in a hump back furnace. The assembly is jigged on small stainless steel brackets to keep 
the joints away from the belt In addition, a graphite sheet is sometimes placed between the assembly 
and the belt to prevent possible contamination of the belt with the copper brazing alloy, in paste form in 
this example.

Figure 10. Bright brazed AISI 304 stainless steel water pressure assemblies

Another example is a water pressure assembly manufactured by Shalibane Engineering Ltd and brazed 
by Kepston Ltd for Audi AG. The AISI 304 stainless steel components are brazed in a 100% dry 
hydrogen atmosphere using an internal copper ring. Figure 10 shows clearly that the result is a bright, 
well-brazed part. These assemblies are jigged on stands to ensure consistency of throughput and assist 
with the flow direction of the internal copper ring. The stands also make inspection easier.

Pure hydrogen atmospheres are equally suitable for brazing steels other than stainless steels. In the 
example shown in Figure 11, the solenoid guide tube assembly, destined for an off-highway application, 
contains both AISI 304 stainless steel and mild steel. The surfaces are so bright that is difficult to tell the 
steels apart



Figure 11. Copper brazed solenoid guide tubes
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Abstract: In today’s automotive industry almost all car and truck radiators, oil coolers and air conditioning heat exchangers 
are manufactured using Nocolok Controlled Atmosphere Brazing (CAB). One of the most critical elements of the brazing 
process is the atmosphere used to protect the flux. Oxygen content is the major variable affecting the performance of the 
nitrogen atmosphere. Furnace design and flow rate axe the major factors aftecting oxygen content. Optimisation of these 
atmosphere parameters has a significant impact on operating cost, and on the quality and consistency of the brazed product. 
Computational fluid dynamics provides a tool to visualise the atmosphere conditions within the furnace and to explore the 
effects of changing some of the variables. Modelling the atmosphere in a typical CAB furnace has shown the importance of 
the integrity of the curtains in maintaining the low oxygen levels requir ed for successful Nocolok brazing. For a given set 
of curtains it has shown that the only effective way of decreasing oxygen levels is to increase atmosphere gas flow.

Key words: alummium, brazing, furnace, atmosphere, nitrogen, CFD

CONTROLLED ATMOSPHERE BRAZING (CAB) of 
aluminum alloys using a non-corrosive fluxing agent is 
now established as the predominant process for brazing 
heat exchangers of all types. Solvay Fluor developed 
the original Nocolok flux in cooperation with Alcan 
Aluminum. In today’s automotive industry almost all 
car and truck radiators, oil coolers and air conditioning 
heat exchangers are manufactured this way. To obtain 
a brazed joint one or both components must be 
manufactured from a suitable clad material. The 
cladding alloy must have a melting point 20-30oC 
below that of the core material. During the brazing 
process the potassium fluoro-aluminate flux dissolves 
the oxide layer from the aluminum alloy surface and 
promotes capillary flow of the melted cladding alloy. 
The joints obtained after cooling and re-solidification 
are very strong, stronger than the parent metal. The 
flux residue also helps to inhibit subsequent corrosion.

One of the most critical elements of the brazing 
process is the atmosphere used to protect the flux. 
Without a protective atmosphere, usually nitrogen, the 
flux would react with oxygen well before it could do its 
job of cleaning the joint at elevated temperatures and 
become useless. The major variables affecting the 
performance of the nitrogen atmosphere are its dew 
point and oxygen content. Provided that the incoming 
brazements are dry, furnace design and flow rate are 
the major influences affecting dew point and oxygen 
content.

Optimisation of these atmosphere parameters has a 
significant impact on operating cost, and on the quality 
and consistency of the brazed product. The introduction 
of nitrogen to a furnace and regulation of its subsequent 
flow patterns are the keys to obtaining superior results. 
Computational fluid dynamics (CFD) provides a tool to 
visualise the atmosphere conditions within the furnace

and to explore the effects of changing some of the 
variables.

One of the major furnace features that affect the 
amount of adventitious air that gets into the furnace is 
the performance of the curtains. The curtains may 
perform adequately at a relatively low nitrogen flow 
rate when the furnace is not processing work, but it can 
be difficult to assess what will happen when the work 
pieces break through them. The only guide to the 
effect of countermeasures such as increasing the 
nitrogen flow or changing the direction of the nitrogen 
inlet is often the quality of the output This is especially 
the case because oxygen analysers do not seem to have 
a long life in the Nocolok environment Thus only the 
cut-off point between good and bad is known and not 
how close to the wind you are sailing.

This latter factor has been shown to be critical in 
previous studies [1], which have revealed that even 
small external drafts such as that caused by opening a 
door or a window near die end of the furnace can 
destroy the integrity of the furnace atmosphere if the 
flow rate is close to the critical value. Knowing just 
how close you are to this critical value with its 
associated erratic quality problems can be vital to plant 
economics.

1. Modelling
The furnace atmosphere was modelled in three 

dimensions with the Fluent 6.1 CFD code. An 
unstructured mesh of tetrahedral cells was used so that 
they could be smaller in critical areas such as the inlet 
nozzles. It was assumed that the furnace and the 
performance of the atmosphere would be symmetrical 
about a plane along its centre line so only half the 
furnace was actually modelled, using about



Figure 1. Velocity profile of the complete furnace with the y-axis expanded 20 times.

1,000,000 cells. The complete model with the y-axis 
expanded 20 times for greater clarity is shown in 
Figure 1.

The model had the following parameters:
Overall length - 33 m (hot zone 10 m.
cooling zone 20 m)
Overall width - 1 m
Overall height - 0.2 m
Heat exchanger size - 0.75 x 0.5 x 0.06 m
Maximum temperature - 600°C
Nitrogen flow to centre - 20 mVh from a sparger at

the hot zone/cooling zone 
interface

Nitrogen flow to curtains - 6 mVh each end from slots
between the curtains

Sparger - 0.02 m diameter with 10x3
mm holes

Curtains - 0.6 m apart starting 0.3 m
from each end 

Gaps - 0.02 x 0.06 m
The gaps in the curtains were modelled as extending 

from the sides of the heat exchanger core, placed with 
its short side parallel to its direction of travel as it 
passed through the curtains.

2. Results
The furnace was first modelled with all the curtains 

intact (111) or all the gaps open (000). The oxygen 
profile was plotted in each of three positions: along the 
centre line of the furnace (CL); through where the gaps 
were in the curtains (TG); and in a position above the 
gap (AG). As Figure 2 shows, there was no practical 
difference between these positions. Although the three 
positions were monitored for each condition modelled, 
there was no significant difference in any of the cases 
so only the centre line values are reported for clarity of 
presentation.

The next set of modelling was designed to show the 
effect of a single component passing through the 
curtain box, lifting the first curtain (011), then the 
second (101) and finally the third (110) from the entry 
end. The exit end was modelled in reverse order for 
symmetry i.e. with the gaps in both outer sets of 
curtains open at the same time. The resulting oxygen 
profiles are shown in Figure 3.
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Figure 2. The furnace oxygen profile at three positions 
for two different conditions.
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Figure 3. The furnace oxygen profiles with one curtain 
gap open at each end.

Breaking through the outer curtains at both ends of 
the fumace, had about the same effect, raising the 
oxygen level by about half an order of magnitude. 
Breaking through the middle curtain only increased the 
oxygen level by a full order of magnitude. When the 
inner curtain only was broken through the effect was 
quite different at the front and back of the furnace. At 
the front the effect was negligible, but at the back it 
was almost as bad as breaking through the middle 
curtain.
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Figure 4. The furnace oxygen profiles with two curtain 
gaps open at each end.

With only one curtain not broken through, having 
the middle curtain intact allowed in the least amount of 
oxygen: half an order of magnitude at the front and 
slightly more at the back (Figure 4). With only one 
outer curtain intact the effect was symmetrical with 
either allowing in an order of magnitude more oxygen. 
As with the single outer curtain broken through, when 
both outer curtains were broken through the effect was 
much worse at the back than at the front.

When analysing these results it should be 
remembered that in real life the gaps created by the 
work pieces are transitory. However if work pieces are 
close together on the belt all three rows of curtains may 
be broken through at the same time, resulting in the 
profiles shown in Figure 5.
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Figure 5. The furnace oxygen profile with all three 
curtain gaps open at each end.

These results illustrate the importance of the 
integrity of the curtains to the performance of the 
atmosphere system. However, they also raise the 
question of why the oxygen penetrates so far into the 
furnace when the atmosphere flows from the hot 
zone/cooling zone interface towards the ends of the 
furnace. The answer lies in the fact that the furnace is 
not uniformly hot. The temperature differences 
between the centre and the ends drive recirculation

zones that transport oxygen down the furnace faster 
than it is swept out by the overall atmosphere flow. 
This effect is illustrated in Figure 5 for the front part of 
the hot zone.

Figure 6. Velocity vectors at the front of the hot zone.

It has been suggested that the kinetic energy of the 
incoming atmosphere gas can be used to mitigate this 
effect. The high velocities generated at the sparger can 
clearly be seen in Figure 7.

Figure 7. Atmosphere velocities in the region of the 
injector.

It might be expected that rotating the injector 
through 90° so that all the gas is directed towards the 
front of the furnace would have a dramatic effect, 
perhaps reducing the oxygen at the front of the furnace 
at the cost of drawing in more air at the back. In actual 
fact the effect is minimal as Figure 8 shows. The spatial 
velocity of the atmosphere gas is so low - less than one 
metre per minute - that the thermal effects are huge by 
comparison.
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Figure 8. The effect on oxygen profile of rotating the 
injector through 90° forward.



Another suggestion for improving the atmosphere 
composition is to heat the incoming atmosphere gas to 
the furnace temperature before it reaches the sparger. 
This is usually done by passing the gas through a pipe 
attached to the furnace muffle. Heating the gas directly 
is also said to have advantages in thermal management, 
but as it is injected after the braze spike where cooling 
is required this seems unlikely. The effect of injecting 
hot gas (600°C) into the furnace is shown in Figure 9. 
Again the effect is minimal.
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Figure 9. The effect of injecting the atmosphere gas at 
600°C.

The only way to significantly reduce oxygen levels 
is to increase the rate of flow of the atmosphere gas. 
The effect of increasing the flow by 10% and 50% is 
shown in Figure 10. These results clearly demonstrate 
that although raising the flow will significantly reduce 
the oxygen in the furnace when the curtains are closed, 
it fails to do so when the curtains are broken through, 
especially at the front of the furnace where there is a 
strong, thermally-driven, recirculation zone.
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Figure 10. The effect on oxygen profile of increasing 
atmosphere gas flow.

It should also be noted that although increasing the 
flow within reasonable limits increases the proportion 
of the furnace with very low oxygen levels, it does not 
push that zone any further towards the entry end. This 
is because at any reasonable atmosphere flow the

velocity of the thermally driven recirculation will 
always exceed the spatial velocity of the atmosphere 
gas.

3. Discussion and recommendations
All the results in this study show how important the 

curtain integrity is to the performance of the 
atmosphere system in CAB furnaces. The curtains 
were modelled as barriers to gas flow and the break
throughs as holes in those barriers. It is important that 
the CAB furnace operator maintains the curtains so that 
they remain the barrier they were designed to be and 
that they are replaced as soon as wear is evident. The 
operator must also avoid, as far as is possible, breaking 
through all the curtains of either set at the same time by 
leaving sufficient gaps between work pieces. The size 
of the gaps can also be minimised if the curtains are as 
thick and heavy as possible.

In the modelling, the resistance to gas flow 
produced by the curtains was set such that the oxygen 
level at the front of the hot zone was 100 ppm. It may 
be expected that the thicker the curtains, the greater 
will be their resistance to gas flow and the lower the 
oxygen level when they are not broken through. 
However, a hole is a hole, so it must be expected that 
the presence of a hole of the same size would produce 
the same oxygen level whatever the resistance of the 
curtains to gas flow.

In the light of the information provided by this 
model, CAB furnace designers may wish to consider 
whether fitting an extra curtain part way down the hot 
zone might be beneficial in reducing the recirculation 
effect and hence reducing the amount of atmosphere 
gas flow required by a furnace. Sintering furnaces 
often have intermediate curtains in their cooling zones 
for this purpose. However, the flow cannot be reduced 
below the rate necessary to sweep out the hydrofluoric 
acid formed in the process and keep its concentration 
below acceptable levels.

4. Conclusions
Modelling the atmosphere in a typical CAB furnace 

has shown the importance of the integrity of the 
curtains in maintaining the low oxygen levels required 
for successful Nocolok brazing. It has demonstrated 
the presence of a thermally driven atmosphere 
recirculation zone at each end of the furnace. For a 
given set of curtains it has shown that the only effective 
way of decreasing oxygen levels is to increase 
atmosphere gas flow.
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Living with Furnace Atmosphere Contamination
P. F. STRATTON BOC Ltd.

77m? ability of a heat treatment furnace atmosphere to 
counteract contamination is an important factor in 
selection and control. With particular emphasis on air 
ingress and water leaks, the author examines the influence 
of contaminants on the characteristics of a range of 
nitrogen hosed atmospheres, the flexibility of which 
permits a variety of combative techniques

INTRODUCTION
It is an unfortunate fact of life that furnace atmosoheres are 
rareiy entirely free from contamination. Oils and lubricants 
are carried in with the workpieces; the work tseit may be 
oxidised; fumes emanate from quench tanks; and. 
inevitably, the furnace leaks. The main form of leak is air 
ingress through the open ends of a furnace or through doors 
as treatment progresses. Other sources of air leaks are poor 
seals on burners or bearings, ill-fitting doors, or simply holes 
in furnace casings. Leaks may not be of air but of water, from 
cooling zones or from water-cooled furnace components, of 
oil from bearmgs, or even of tar from roof seals. 
Hydrocarbon contamination can usually be accommodated, 
except in some non-ferrous annealing applicat ons. but 
oxidant contamination is en ever-present problem. This 
paper discusses the capacity of various furnace 
atmospheres to cope writh these oxidants and hence the r 
suitability for various applications.

NITROGEN-BASED OR GENERATED 
ATMOSPHERES?
Typical analyses of common types of both nitrogen based 
and generated atmospheres are listed in Table T. The major 
drawback to employing generated atmospheres, especially 
in leaky furnaces, is their inflexibility. This applies not only to 
the narrow' compositions available but also to their restricted 
flowrates.
The use of nitrogen-based atmospheres allows the heat 
treater to employ different atmosphe’e compositions in 
different areas of the furnace. This can be an important

Table 1. The major constituents of furnace atmospheres.

Alirosphcre H; “tCK: ‘cCP
Milrogun IN

Pr»ck«f ammonia 75

N i f ogen. hy a roq^r ai03 0100
fcxorhermic gas 71 37 1-13 • 11
Nitr opt'-1 r mr.11 h ano BS-fDD 012
iJitrogtTnnathane'hydrogt'r 68 98 0-12 ’ 2-20

Endolherniic gas 35-9 31-40 0 1-C.D 2C-24
N itlogcnYnetriariol 0-100 0-66 01 * 033

'Dependent on methanol cracking temper* tu/r U

technique for dealing with leaks, for example, by using a 
more reactive atmosphere adjacent to known air ingress 
points The composition can not only be varied within the 
furnace but it can also be varied with time. This again is a 
usefu procedure for combating leaks, for example, from 
door openings. The infinitely-variable flowrate available with 
nitrogen-based atmospheres also has great advantages in 
this respect; flows can be increased dramatically in order to 
counteract air ingress wnen doors open.
The areas of application of various nitrogen based atmos 
pheres. and the effects of contamination, are considered in 
detail m the following sections.

NITROGEN ONLY
To all intents and purposes, pure nitrogen may be 
considered as an inert gas in most heat treatment 
apoiicarions The only exceptions are those instances, such 
as annealing of stairless steel, where the inward diffusion of 
nitrogen itself may cause problems.
The gas is normally supplied to the heat treatet as a 
cwogenic liquid at -ISS^C and is stored on site in a 
vacuum-insulated vessel from which it is evaporated before 
use. A specification for metallurgical-quality nitrogen is 
shown in Table 2. The impurities are at such a low level that 
no metaHurcically-significant reactions, with the exception 
mentioned above, occur at any temperature. Straight 
nitrogen is therefore the ideal atmosphere for applications 
where no outside contamination is possible, for example in 
vacuum furnaces:.
Nevertheless, because of the inevitable oxidant contami 
nat'On in most other applications, nitrogen-only 
atmospheres are inherently both oxidising and dccorbu- 
nsing From the practical point of view, however, as long as 
the oxidant level is low. reactions occur only relatively 
slowly. Therefore, nitrogen-only atmospheres are employed 
for scale prevention at low temperatures, or for applications
where the thin ox«de films formed are. in themselves, 
protective, such as in the annealing and sintering of
aluminium1.

Table 2. Specification for commercially-juppliftd nitrogen

ConstitiKint Current

Nitrogen 99 999‘-«
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Hydrogen Less Ihjn • vpm
Neon Less than 1 vpm
dctuTi Less than 1 vprr
Water Less Utar 1 vprri
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NITROGEN.HYDROGEN ATMOSPHERES
In order to offset the oxidising effect of low leak rates into 
nitrogen-only atmospheres, a small quantity of a reducing 
gas such as hydrogen may be added. Hydrogen reacts 
rapidly with oxygen at all the temperatures normally 
encounterec in heat treatment processes:

2H:-O?^2H?0 |1]

Under these circumstances, therefore, water is effectively 
the only contaminant that need be considered,
As nitrogen nydrooen mixtures contain no carbon-bearing 
compounds, they are intrinsically decarburising. The 
decarburisirg potential is dependent on the hydrogen: 
water ratio5

*- H:0 — CO f He J2]
Carbcn ^ pH. • pCQ
potential pH30

However, if the hydrogen - water ratio is high and the 
hydrogen addition small, very little reaction will take place. 
The actual carbon loss win depend upon flowrate, surface 
area ol the toad, treatment time and temperature. It may be 
calculated tha* for a furnace processing 500 kgh of 0 8% 
carbon, 2mm diameter steel wire in nitrogea'hydrogen with 
a dewpoint of 42“C. an atmosphere flowrate of 100m: h 
would produce only 0.S2 microns of total decarburisation 
per hour, even assuming all the water contained in the 
atmosphere were available for reaction,
The hydrogen: water ratio is also the important factor 
determining the oxidation'reduction potential of the 
atmosphere. Table 3 shows the minimum hydrogen 
water ratio required to suppress the oxidation of various 
metals at 90D‘C Only the treatment of alloys containing 
metals with oxides less stable than that of chromium may 
be considered practical in atmosphere furnaces if an oxide- 
free surface is required. Taking iron os o typical example:

Fe + HrO — FeO ♦ Hj 14]

Water

Temos/atur^s, °C

F>g ' The otitiSTisr reduction botuvtaries of iron fomir amt in a
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Table 3. Oxidation limits at 900°C
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The amount of water or equivalent au leak which can oe 
accommodated by a typical nilrogen'S'-t. hydrogen atmos 
phere. whilst remaining reducing to iron, is shown in Fiy. 1. 
Fig. 2 shows how the oxidising conditions produced by a 
particular leak rate at a given temperature can be reversed 
by increasing the hydrogen level Tnis is especially 
important in cooling where increased hydrogen in the 
cooling rone Imade possible ny the BOC Nitrajone 
technique' can be used to suppress low-temperature 
oxidation, even with relatively high leak rates

NrTROGEN/METHANE ATMOSPHERES
If an atmosphere is required which whilst still being 
reducing to iron, is also not decarbunsmg, then small 
quantities of hydrocarbon may be suosututed for the 
hydrogen. This hydrocarbon may be either rre*-iane or 
propone. Methane, which has been fcunc to he suitable for 
most applications, cracks slowly in the furnace to form 
carbon and hydrogen:

0-L-C-2H, 15]
Although not as reducing as a ntroger hydrogen a*mos- 
pnere. nitrogen with small additions of methane nas a very

For n given tempe'j'ose 
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F-g 2. The oxidation retfu clton bvondsnes uf ■'■•l >■ tn txvogtn trydtogtrx 
wno^pTeres nr various tempontuns endie.ak rires

42 Hmif T c < .Wrfj/.» 'iteU J



P. P- Stf3^0n

CC 1050 r
O'.vgcn probe outpu'. mV

Pk) 3 The '■ 3* tea* rs.v .-3/1 rrv OMYffvn OOtents)/ Ut a n/rrc^sr J
oafryra/ .(yas ar^ciwrvre ar SSC^C.

high ca'-bon potential comninod with a low carbon avai ■ 
ability: it 5 therefore effectively r>eilher carburising no' 
decarbut'Sinc
Nitrogen'methane atmospheres Iwirh methane norrrally 
originating from natural gasf are employed, in the main, Itr 
protective atmosphere applications such, as neutral 
hardening, annealing, austempermy and brazing-. A typical 
appMcation -s the use of nitrogen with 4% natural gas for 
hardening at 850-C. The predominant contaminant in these 
applications is oxygen from air leaks, but other sources, 
such as -,vat~r “Tom cooling zones and lubricant from prior 
rolling operations can be a problem, especially in annealing.

Air Leaks
At 850:C. an oxygen potential in excess of 1150mV 
(oxygen probe output) is required to suppress the 
decarbuns<rnon of a low carbon, low alloy steel This can be 
achieved easily by a nitrogen-methane atmosphere 
provided me lea* rate of the furnace is low. Increasing leax 
rare leads to a decreasing oxygen potential (Fig. 3). Ttvs in 
turn leads to an increasing decarburising potential

CH: - 2 O' - CO.- f 2H,0 [6]

C=* + CO; — 2CO [7]

Fig. 4 shows the effect of this increasing decarburising 
potential on a low alloy steel exposed to the furnace 
atmosphere for two hours at 850°C. The trend cf the 
decarbunsaticn curves indicates that the process is 
controlled by the surface reactions [7| and [2] rather than by 
diffusion, at least at low leak rates.
When the oxygen ootential decreases below the level 
required to oxidise iron (Fig. 3J. decarburisation is dramati
cally reduced as the oxide layer formed acts as a diffusion 
barrier
The onset of oxidation is the limiting factor in many appl 
cations where the degree of decarburisation is not 
significant but where the work must be oxide-free. Frg. 5 
shows that the amount of air required to create oxidising 
conditions in nitrogen,4°b natural gas decreases with 
decreasing temperature. At normal hardening or annealing

a Varretire resv-ts 
‘ ‘ to oi-iristion

Total
decarburixation

Partial
dooarburisation

□apth or Cecart-ui£S.a:n;>n rr

Frg J Tne effect of (cjk rote on the decarbu r zanon sr SAF 3630 after 7 
r-evrs a'. S5G 'C it*a mtmgen .'<• *<1 natu’^f gas dr/i-C'Szi.'ie.'t-

temperatures, the methane reacts out the oxygen, but 
below about 650°C reactions ’5] and [6] co no: occur to any 
significant degree during the residence times associated 
with most types of furnace. The atmosphere therefore acts 
almost as nitrogen alone.
However a significant exception to the foregoing is in the 
operation of bell furnaces. These are normally "capped" 
during cooling in annealing cycles, with only make-up gas 
added. The residence time is therefore very long and 
reaction '5j is sufficient to maintain 3 recuemg atmosphere 
down to room temperature.

Reducing

1 S’- f the effect of temge/dtore on the orjtiotron ■ redactor! oouncarr of 
-arr ,n an air contaminated nitrogen '4% ngrurafgai amnosgnere

Htat TrrsT'^>er<T at 'S&s.j
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Water Leaks
The contamination ot rit»ogen'mettv3ne atmospnefes v*bith 
water is usually only a problem m the water-cocka ?ones ot 
continuous furnaces. Under these conditions the presence 
ol m-thann lor most other addmon gases) is of littfe bene* t 
and the atmosphete acts almost as wet n trogen 
Some ot the water vapour may. however, be drawr; nto thp 
hut /one Above about 500 C. the water slow > reacts w tr 
some of the methane:

CH, + H.0 — CO • 3H, |8]

Some of the carbon monoxide thus farmed then reacts with 
further water to form carbon dioxide:

CO + H;0 - ca - H: (9j

As indicated in equation ’7] the caibon potential of tne 
resultant atmosphere depends upon the relative propor
tions of CO and COr:

Carbon potentia a: ^"CO
pCO.

ard mav be calculated as outlined in the footnote

ItOj

Fig. 6 shows that the reactions go to completion above

f V 6 DecnrtnimnUon typtcalof r'-j: iuMcdby rtvi'yanrst owoii^afe 
cu.'i larrvnatHjn. Motfruftcatton « 265

700 C ard a minimum carbon potential is obtained. This 
minimum carttcn potential varies with thw water addition as 
Shown in F g 7 for 850 C Ftg 7 also indicates that water 
additions beio%v tno 1 level would nave no practical 
effect on the carbon potent^* and the atmosphere is sti I 
reducing to iron.
Gross water contamination o* these atmospheies could also 
occur if they were used in eoniuncbon with a furnace with 
integral water quencn tank Contamination levels would 
inevitably be high, resulting at best, in heavy decorbun 
sation. and at worst, in scaling. The use of these 
atmosph-res cannot therefore be recommended under 
these cord rions unless steps are taken to minimise the 
contain i nanon

"For :h± r&acTrOn.

C*. - CO? e= 2C0
me cs'dcn scrhrfty u, a: ternoe.-ar-re T is given by.

pCO:
Values fyr rne equilibrium cor.s:arr X- can be found -n 
Kub&SCfiew&J 2nd AtcOCk f According (o EFrs er nf* Tne 
rsfaTicnsh-o beMeen car ben activity- and carbon m austenite s

log $ - log <
1 - 5x- 1og >/

where x. is t^e atomic fraction of carbon m ausimmttc iron and, 
is the actrcity coefficient

leg r1
7084

T 0 623

Accord'r.g :v Sh-cke . faquation *or a can ha written as

a- = , u— • y1 — 2X
whnsi Kaspersma and Shay 'propose the form: 

1 07ISCIA .
100

.e*P <4798 ft! i

where ^ C represents the wf % cur bon ,n austenite T >n degrees 
Kelvin

Ci •V»r Trvatmm! of Mnait rty/



Other Contaminants
Many other sources of ox.dant contamination are possible, 
mostly associated with the incoming work. These include 
rusty or scaled work, and retained cutting oils and drawing 
lubricants, the loiter, especially in the form of phosphates, 
producing the worst proDioms. A layer of manganese 
phosohate, not visually evident but detectable by chemical 
ana yS'S, caused the characteristic decarbui isa: on shown in 
Fig. 8. This 0.6% carbon steel had been quenched from 
BBO'X after hall an hour at temperature in a nrrrogea4% 
natural gas atmosphere with an oxygen potential equivalent 
to 1315 mV. This type of contamination can only be 
overcome by thorough c!eanmg prior to heat treatment.

NITROGEN’METHANE HYDROGEN 
ATMOSPHERES
WHere the characteristics o+ a nitrogen'mcthane atmos
phere are required, out the temperature is too low for 
reaction [5| to provide sufficient hydrogen to O'OCuce a 
tecucmg atmosphere, a small quantity of hydrogen may be 
added.
Fcr example for the annealing of coppe' at 700r>C an 
atmosphere of nitrogen.4S: methane.'0.5% hydrogen may 
be employed. As the rate of air ingress increases the level ol 
hyd-ogen required to maintain an atmosphere reducing to 
copper increases as shown >n F<g. 9.

NITROGEN/METHANOL ATMOSPHERES
When reducing power combined with the ability to 
ca'bunse iron is required, nitrogea'methanol atmospheres 
are employed. Although no: os potentially reducing as the 
n trogeahydrogen system, the carbon monoxide available 
from these atmospheres allows a wide range of carbon 
potentials to be achieved by the addition of hydrocarbons'J. 
There are two major causes of oxidant contamination in 
nitrogen.methanol atmospheres: firstly, the contamination 
of the methanol by water prior to its injection nto the 
furnace and, secondly, the contamination of the 
atmosphere, once formed within the furnace, by a r leaks.

Water Contamination of Methanol
LiQbiC methanol is comp etely miscible with water but, even 
so. most of the methanol used in the UK is supplied with 
less man 0.05% by weight water . However, methanol is 
hygroscopic and will readily absorb water from the air. 
Water contamination car therefore be a significant problem 
if suff cient safeguards, such as tank inerting with nitrogen, 
are not instituted. In addition, some grades of cheaper 
reclaimed methanol may be supplied with higner water 
contents than the standard product 
In the furnace, the water vapourises along with the 
methanol and then reacts rapidly with the methanol 
decomposition products

CHrOH — CO + 2H- [111

CO ♦ H.O ^ CO: - H: [12]

In protective atmosphere applications, where ro hydro
carbon additions are normally made, the carbon potential of 
the atmosphere falls as reaction |12) proceeds, in accorc 
ancc with [10]. This effect is negated to some extent by the 
fact that, at the lower temperatures normally associated 
with protective applications, methanol dissociation forms 
some free carbon and methane1*. These react with some of 
the excess carbon dioxide formed in reaction fl2j.

CO: + C.r -• 2 CO [13J
CO; \ CK» — 2 CO f 2 Hj [141

Thus, the decrease in carbon potential shown n Fig /0is

1 H;

“=du=ny to oopov* 
O* idiiinn ro coor*'

r.$ 5 TV*. tr.fJueno* of hydrogc, ddd-Tui 15 <vi the refjH'Onsfvp t+rrt+i*' 
HfOnuo and jut ingr«ss for nitrogen -**0 njtofA/gjs ai AX’ C Under 

theprac’icHcorvUiroosptttaitnng, .'tie tfive cridc&f ratic of t*vtfro$en 
rva:#- .-d-careo <5 sigtidicant^ '-■c'v t.tj.'t :/?t> i/ntommf lor
copper m<= "Discussion'’.

f ig JO The effect of ivarcr vapour on rTe carbon (Kitt'Otm/ of standard 
Endvn. ' ‘50^- r}iUog*n-5Qc' cragJted ntethtnod a: $50~C Caroun 
fjultniioi caicuiated from otmospre'e anuvsts

less than would have beer expected from consideration of 
reactions (111 and |12j alone.
Ffg. 73 also shows that the quantities ol water required to 
reduce the carbon potential to the very low levels required 
for cecsrburismg electrical stc-e s arc relatively hign. Tms

Mm? TrmtrriKnt nt MuS.tls



gives this type of atmosphere the advantage, in decatbu- 
tising applications, of high carbon removal potential for 
relatively small volumes of atmosphere, as the molar weight 
of carbon which can be removed is eoual to the molar 
weight of water present in the atmosphere {reaction 2| ' and 
the relatively high hydrogen levels maintain reducing 
conditions These characteristics ore the basis of the BOC 
Endomix ' controlled decarburismg technique’1 
In reactive atmosphere apolications, such as carburrs-ng or 
caibonitridmg. it is normal to add a hydrocarbonto tne bas e 
50?-b nitrogen,50% cracked methanol mixture in order :o 
increase the carbon potential via reaction [14] . However, 
this reaction is not very rapid1?. Thus there is a limit to the 
amount of water vapour and hence carbon dioxice from 
reaction [12] which can be countetactec in this way The 
result is that, as shown in Ftg. 7 7, not only is the hydro 
carbon addition required to achieve a given carbon poient-al 
increased with increasing contamination level, but the 
maximum possible carbon potential that can be achieved at 
any hydrocarbon addition level decreases.
Fiom the practical point of view this means that, for 
controlled carburising atmospheres, the water content of 
the methanol must be kept below 1%. If fixed addition 
treatments are envisaged, the water content must be 
constant in order to maintain atmosphere uniformity Larger 
quantities may be tolerated for protective atmospheres for 
the reasons given earlier. This effect, combined with low 
processing temperatures and short exposure rimes, usually 
results in little decarburisatton.

Air Leaks into Nitrogen/Methanol Atmospheres
As would be expected, a standard carburising nitrogen 
methanol atmosphere '50°t nitrogen.50% cracked meth 
and) is very resistant to air contamination because of ts 
high content of reactive gas. In any practical situaron.

Natural gas addrr er

hg. tJ. 7fie effect nf w-azer conTam/naUan. as a percentage of tr~t 
mettvmoffvf vi. on the reietionshipberA-eenedtfiV'o^giSte^efiintJcarbon 
potvntiaf o( steodeitf Btvfonug i5C^ nitrogen'50\ cracked’nernsnoflat
925*C.

oxidising conditions are never reached. Even wirh an air leak 
rate of 15C- .no visible oxidation occurred during a standard 
ca'bjnsing quench cycle.
However, the effect of air leaks on the thermochemistry of 
carburising is quite considerable, for the same reasons as 
ourined previously for water. Carbon dioxide is formed by a 
similar reaction to that by which it is formed from water

2 CO - O; -* 2 CO? [15]

This relatively stable molecule must then be reduced by 
reaction [14].
Fig. 72 shows the effect of leak rate on carbon potential lor a 
0 25m3 Oft1) sealed quench furnace operating at 925'^ 
with an atmosphere flowrate of 8.5m'.h 1300 sft5'hl. These 
data clearly moicate that, tor effective carburising, the leak 
rate must be keot as low as oossibie 
These phenomena have been known to practical heat 
treaters for many years The first sign of a leak is a reduction 
in case depth followed, as conditions detenoratH. by 
reductions in surface caroon. This applies not only to leaks 
of water and air but to other sources of oxidant, especially 
carbon dioxide leaks from radiant tubes.

Dilute Nrtrogen/Methanol Atmospheres
D’lute nitrogen'rr.ethanol atmospheres may also bo used in 
orotective applications, especially where a combination of 
reducing power and carbon control is required. If the 
additional advantage of non-flammability is to be realised, 
then the methanol level must be kept low 
As would be expected, the effect of air and water con
tamination on these atmospheres is very similar to that of a 
nitrogen hydrogen atmosphere with the same hydrogen 
level, except that a positive carbon potential is maintained 
by the presence of the carbon monoxida. Fig. 73 shows the 
effect of a r leaks on nitrogen/8% methanol at SSfFC and 
F;g. 14 illustrates the effect of water leaks under the same

S tVaturttl .us ji.kl.cu*'

F.g. 12. ’fte effect of atr Ingress Ort the relationship between adef/tron gas 
/aval anti carbon coter c V of standard todom* ibCru nitrogen ’50^
cmcFetf me than of. at 6 votume changes trtt hour und925^0.
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0.1 Oi—1

% Air

Ftq. 13. I he e/fccl of urr /cufi rale on the carbon poteouai nf nitrogen 'S'N- 
crocked methanol at 85ff“C. Carbon paten vat calcotatcd front atmos
phere ana fysis.

atmosphere condilioiis.
In practice, with low methanol levels and a high surface area 
of components, the atmosphere will be buffered by carbon 
exchange with the components. Therefore, for applications 
in the temperature range of 800 to 900aC, there is little 
danger of significant carburisation or decarburisation,<'.

ATMOSPHERE SELECTION
It is obvious from die foregoing that one of the factors to be 
taken into consideration in selecting an atmosphere for a 
given application must be its ability to accommodate 
oxidising contaminants. This is especially relevant tor 
furnaces that cannot be sealed effectively or where the 
method of operation leads to large amounts of air ingress. 
For example in an in out type of sealed quench furnace, 
nitroqen'natural gas may be economically utilised for 
neutral hardening, since little atmosphere is lost during 
loading or on transfer from vestibule to hot chamber. For a 
straight-through type furnace, where the charge is loaded 
directly into the hot zone, a controlled dilute nitrogen- 
methanol atmosphere must be employed, as there is 
insufficient time during temperature recovery for a nitrogen' 
natural gas atmosphere to react away the hot-chamber air 
ingress at an economic flowrate.
As would be expected, it lias been shown that, in general, 
the more reactive and complex the atmosphere the greater 
its ability to absorb air leaks without becoming 
decarburising or oxidising. An inclination to select highly- 
reactive atmospheres must, however, be tempered by other 
considerations such as flammability, cost, quality require
ments, and suitability for the process.
For example, for hardening in a cast-link furnace, nitrogen/ 
natural gas has many advantages over nitrogen/methanol. 
Its non flammability means safer operation with no burn-off 
at the throat to inconvenience the operator; it produces a 
high quality finish for components of different 
compositions without control; and it can be applied easily to 
this type of reasonably well sealed furnace at economic 
flowrates.
The flowrate of the furnace atmosphere has a significant 
effect on the rate of air ingress. Techniques which reduce 
the flowrate without increasing the ingress rate, such as the 
BOC Nitrazone technique'7, may be an important factor 
affecting both cost and quality.

o.io-

% Waiftr vapour

Fig 14. The effect of wntmr teak rule cm the carbon potential of netrogen/ 
8% crocked methanol at 3Sff°C. Carbon potentmf ca/cutated from 
atmosphere anafysts.

DISCUSSION
It may be noted that all the data presented in this paper, with 
the exception of Fiy. 2, are practical results from particular 
furnaces. It lias been assumed that the leak rate of these 
furnaces is negligible. In order to ensure this condition, the 
furnaces were smoke tested prior to the trials. High flow 
rates were employed for the experiments to ensure 
minimum air ingress.
The use of these high llowrates may, however, have 
affected the results. The mean atmosphere residence time 
was 10 minutes tor the majordy of the experiments, which is 
typical of reactive atmospheres such as those used for 
carburising but would be considered short in most protec
tive applications such as annealing. Longer residence times 
would allow slow reactions to go further towards 
completion. This would probably reduce, to some extent, 
effects ol the type shown in Figs. 11 and 12.
Short residence times combined with low reaction tem
peratures, like those encountered in the cooling zone of a 
mesh-belt annealing furnace of the type used to produce the 
data shown in Fig. 9, have led to some practical deviations 
from expected results. The effective hydrogen:water ratio 
at the oxidation'rnduction boundary has been raised by 
some four orders of magnitude, probably by the presence of 
small quantities of unreacted free oxygen. This effect is 
especially significant where leaks occur in cooling zones or 
other areas of furnaces operating below die tiot zone 
temperature.
The effects of flowrate on the characteristics of furnace 
atmospheres, contaminated or otherwise, is a subject 
worthy of further study.

CONCLUSIONS
1. The effect of furnace atmosphere contamination is an 

important factor in atmosphere selection.
2. The flexibility of nitrogen-based furnace atmospheres 

enables them to accommodate contamination better 
than generated atmospheres.

3. Atmosphere zoning techniques such as Nitrazone are 
useful in combating contamination.

4. Each type of furnace, process and contaminant needs an 
individual approach. Highly reactive atmospheres are 
not always best.

neat Treatment vt Mentis 1964 2 47
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12.2

Versatile Heat Treatment Atmospheres from Nitrogen - P F Stratton - Institute 
of Metals Conference - London, December 1990.
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HEAT TREATMENT 
OF METALS
1992.3 p.63-72

Control and Fault-finding in Nitrogen-based 
Atmosphere Systems
P.F. STRATTON BOC Ltd.

The author reviews the theoretical basis tor the control of 
protective and active nitrogen-based heat-treatment 
atmospheres, in both cases offering practical guidance on 
monitoring and trouble-shooting procedures. Appendices 
defat/ modern instrumentation available for measuring 
oxygen, hydrogen, water vapour, carbon dioxide, carbon 
monox/de and ammonia contents.

INTRODUCTION
The control of any furnace atmosphere system is the key to 
its performance. The degree of control required <s 
dependent on the many factors which define the range of 
conditions tfiat will produce product with the specified 
properties. Control can be used to both optimise product 
quality and minimise the atmosphere system costs

20 -

aoo 1 200

ATM

l
Fig. 1. Fme energy ■ tfimpentlure diagram for metai oxides-. The superimposed hrokan fines frtdicate the critical values of oxygen partial pressure and 
FI/}:H; and COf 'CO ratios for iron at 800r'C.

Hsat treatment of 1992 3 63



frg. 2 A fuel- cH! oxygen onaiyser from Hi tech fnstiumenfs Ltd

tn addition to its function in controi, atmosphere analysis 
can also be employed to indicate possible causes of poor 
product quality. This approach is simpler in nitrogen based 
systems where the pure atmosphere constituents used 
make the identification of adventitious ones easier.

CONTROL OF PROTECTIVE ATMOSPHERE 
SYSTEMS
This section is limited to a discussion of the control of 
nitrogen-only, nitrogen-hvdrogen and nitrogen-hydro
carbon gas systems. Although nitrogen methanol 
tEndomix *} is often employed as a protective atmosphere, 
its main use is as a reactive one and, as such, is discussed
later. .
The first function of any protective atmosphere is to reduce 
or eliminate oxidation. Oxidation or reduction can be 
effected by the following reactions.
2M + 0,^2MO HI

Fig 3. A devi'pvint analyser from CaseUa l nndon t id.

Centro! and Fault finding in Nitrocen-toased Atmosphsns Systems

M + HsO^IVIQ + Hz i2l

M + CO., ^ MO + CO I31

Nitrogen-only systems
Reaction i 1 ] is usually onlv lefevant to nitrogen-only atmos 
pheres. However, it is equally valid for the other systems 
where the temperature is below that at which contaminating 
free" oxygen will react with any active constituent'; for 
example, during the latter stages of the cooling cycle m a 
batch furnace
By reference to Fairbanks modified Ellingham diagram1 
shown in Fig. 1. we can see that, for most metals at their 
normal treatment temperatures, very low oxygen partial 
pressures (less than 10 ,3 atmospheres even for iron at 
800°O are required to prevent oxidation. In practice, such 
levels are not achieved without the appropriate active gas 
temperature combination to facilitate the "mopping-up o 
free oxygen. Fortunately, reaction dynamics often come to 
our aid in that less-reactive metals at low temperatures 
form little or no oxide when treatment times are short, and 
more-reactive metals often form protective oxide lavers 
Control of such systems is often left to manual flowmeter 
adjustment based on product quality, but more sophist) 
cated systems measure and regulate oxygen level, usually 
by controlling the total flowrate. Measurement of the 
oxygen level in nitrogen-only systems can be achieved by 
any of the available oxygen analysers (Appendix A). 
although the fuel cell (Fig. 2}, particularly the paramagnetic 
type, is not suitable for the measurement of very low 
oxygen levels, which is best achieved with the zircono 
probe units. For systems containing active components, the 
reverse is true as the zirconia cell type of instrument would 
react the atmosphere components at the measurement 
temperature and oroduce a false result.

Nitrogen-hydrogen systems
From reaction [2j we can see that the oxidation potential of 
a nitrogen-hydrogen system is proportional to the H;.0: H- 
ratio:

• i ix PH20 MlOxidation potential - K3 - m-!
pHj

Again referring to the diagram in Fig. 1, we see that, tor iron 
at 800°C, an ratio of 0.5 is required to keep it oxide
free. Obviously, the best way to measure a ratio is to 
measure both components but, in practice for most 
furnaces using control, only the water vapour is measured 
and the hydroqen is assumed to be constant. This is a 
reasonable assumption for systems with small water 
contents, but must be treated with scepticism during fault
finding (considered later in th»s oaper) or when high water 
vapour levels are caused by oxygen ingress which can react 
and result in depleted hydrogen levels.
Most hydrogen analysers (Appendix B) measure thermal 
conductivity and are thus calibrated for a particular gas 
mixture. This should net be a problem for nitrogen- 
hydrogen systems but should be borne in mind when 
analysing more complex mixtures. With currently-avaiiable 
reasonably-priced instruments, it is difficult to measure 
accurately hydrogen contents below 1 % and such readings 
should be treated as guidance only
On the other hand, there is a plethora of instruments 
available to measure water vapour (Appendix C), each 
using a different technique and. in general, able to measure 
low levels better than high ones. (This is especially true 
where the dewpoint of the sample gas is above room temp- 
eratuie. In these cases, trace heating of sample lines and 
instrument heating is required to prevent condensation). A
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typicai hand-operated unit is shown in Fig. 3.

iVirognnhydroearbon systems
When a carbon-bearing gas is introduced into tire atmos
phere (for example, methane in a nitrogen-hydrocarbon 
atmosphere), it is possible to measure the oxidation 
potential from the COa;CO ratio. From reaction [3];

Oxidation potential - Kg - —[5] 
pCO

Once again, the diagram in F/ff. / indicates that the critical 
CO?:CO ratio for preventing oxidation of iron at .800°C is 0.7. 
In this case, as the gases involved are formed in-situ, both 
need to be measured to obtain the ratio In practice, this is 
difficult with any accuracy as the actual carbon monoxide 
and carbon dioxide levels are very low, often below the 
detection limit of reasonably-priced instruments.
However, it can be assumed that an equilibrium exists 
within the furnace between the hydrogen, produced from 
the cracking of the methane, and carbon monoxide, carbon 
dioxide and water vapour:

Hj + CQj ^ H20 + CO 16}
Thus the CO?:CO ratio can be implied from the HjOrH? ratio. 
Although tha hydrogen level is difficult to determine, an 
accurate water-vapour content can be obtained easily, as 
described above, and can then be used as an effective 
means of carbon control, assuming the hydrogen level to be 
constant.
Because of the very low carbon monoxide levels in nitrogen- 
hydrocarbon systems, the predominant carburising/decar- 
burising reaction is that with methane:

CH4“*Cd+2H2 17]
C;1-C,c IS]

where C„ Is graphite and C-0 is carbon in solution in iron.
At normal annealing or hardening temperatures, both of 
these reactions are very slow. Therefore the carbon
potential of the atmosphere, directly related to carbon 
activity, ac:

^ , P.Q.tk 
' pH

[9]

is very high, but carbon availability is very low3. Thus no 
reaction occurs and no control is required. However, should 
the carbon monoxide level become significant, then the 
more usual carburising/decarburising reaction will become 
predominant:

2GO -c* C;* H- COs [10]
Therefore, if decarburisation-free product is required, the 
oxides of carbon must bs maintained at a low level and, as 
has been shown, this can be determined from the water- 
vapour content of the atmosphere.

FAULT-FINDING IN PROTECTIVE ATMOSPHERE *
SYSTEMS
Fault-finding In nitrogen-based protective atmosphere 
systems is, in general, a matter of adopting a logical 
approach and not arriving at conclusions before they are 
proved. Perhaps tire best way to illustrate die technique is 
to examine some examples from BOC's experience in the 
field:

Example 1
Problem
A gas-fired pusher furnace i$ annealing small steel castings 
in wire-sided baskets using a nitrogen/ 2% hydrogen

atmosphere. Tha product on one side of the baskets is
oxidised.

Method
(1) It is logical to assume. If product had previously been 

processed satisfactorily, that something must have 
changed to result in the present problem. It is always 
worth checking for changes in procedure or material or 
process route.
In this case no changes were reported.

(2) Oxide types can be a useful guide to their formation. 
Coloured oxides are more likely to have been formed m 
the cooling zone while flaky oxide is a hot-zone problem. 
Flaky oxide which has been reduced is usually associ
ated with faults early m the heating zone. Light and 
coloured oxidation, formed on top of the product only, 
often indicates an excessive exit temperature.
In this case the typo of oxide, grey and adherent, was not 
very edifying.

(3) Oxidation must be caused either by free oxygen or too- 
high a H20:H2 ratio, in this case, the H^ChHs ratio, as 
measured at both the hot-zone and cooling-zone sample 
paints, was acceptable, if a tittle marginal; hence most of 
the work is bright. If the fault were throughout tha load, 
then we would be able to use the general sample points 
for further testing but, in this case, we must use a probe 
down the affected side of the furnace. Checks here 
showed the H2G:H2 ratio to be too high.

(4) if the H70:Ha ratio had been satisfactory, the next thing 
to have checked would have been the free-oxygen level 
in the cooling zone. Free oxygen does not react with 
hydrogen much below 400°C, but wifi oxidise most 
materials. Oxygen in the cooling zone could have 
emanated from an air leak or from the exit end,

(5) A water profile of the furnace was now taken, in this 
case, as may have been expected from the evidence in 
(2), the peak was around the cooling-zone/hot-zone 
interface. However, such profiles can often be useful; a 
profile rising towards the entry end, for example, 
indicates insufficient atmosphere flow towards the 
entrance to eliminate air ingress (but not proof; see 
below).

(6) The source of the excessive water vapour must now be 
determined. With a gas-fired furnace it Is always worth 
checking for carbon dioxide. High levels cen indicate a 
failed heating tube- Even in nitrogen-hydrocarbon 
atmospheres, where there is an alternative source of 
carbon available, it is a useful indicator, particularly if the 
level rises and falls in synchronization with the burner 
firing.
in this case CO-, levels were very low.

(7) The next stage is to switch off the addition gas, in thus 
case hydrogen, and recheck the water-vapour profile, 
The presence of water vapour in, what is now, nitrogen- 
only atmosphere, indicates S water leak
In this case the water vapour disappeared. This implied 
an air leak, but it is always worth checking with an 
oxygen meter as the next stage involves shutting down 
the furnace altogether.

(8) With the furnace cold, a smoke test can be carried out. 
All the furnace exits are blocked and smoke is introduced 
from a smoke generator or from smoke pellets, Nitrogen 
is introduced to the furnace to provide a small positive 
pressure.
In our case, smoke issued from one edge of the flange 
between hot zone and cooling zone, a common point of 
failure.
Smoke tests are very useful for detecting leaks and 
are often used For that purpose during furnace 
commissioning.
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Example 2
Problem
An electripaHy-heated shaker-hearth furnace was hardening 
thrust washers, in 0,4%C spring steel, using a nitrogen- 
natural gas atmosphere. Shot blasting after tempering 
revealed soft patches on some components which metal
lurgical examination proved to be caused by 
decarburisation.
Method
(1) In this case a change had taken place. The furnace had 

not previously been used for this product but had been 
successfully hardening small medium-carbon fasteners. 
For this product nitrogen i 2% natural gas had been 
employed.

(2) An obvious cause of a patchy problem is inefficient pre- 
treatment product cleaning. Oily patches can cause 
sooty spots with carburisation; areas of silicone-based 
lubricants can cause stopping-off in carburising; drawing 
lubricants such as stearates can cause decarburisation; 
and even fingerprints can cause stopping-off in 
nitriding''* in this case, a batch of work was thoroughly 
cleaned prior to processing as a test, with negative 
results; the problem persisted.

13) Decarburisation could be caused by a poor Cl l.uH? ratio 
but this is unlikely as the cracking reaction is slow at 
850°C. Mom likely is a poor COv.CO’ ratio which can be 
inferred from the dewpoint in these atmospheres, as 
described above. The dewpoint measured was - 18°C, 
which should be satisfactory,

(4) Raising the natural gas addition to 3% did not solve the 
problem. Analysis at a sample point in the hot zone 
showed the dewpoint to be - 25°C. Any lower value 
would probably result in carbon deposition on the 
heating elements and resultant element failure.

(5) The atmosphere was returned to a relatively-safe 2% 
natural gas and a water-vapour survey was carried out. 
The results showed a low level through the hot zone, 
rising at the end of the hearth then falling rabidly over the 
quench towards the back wall of the furnace. The 
obvious implication was that air was being drawn in 
under the hearth to exit at its end above the quench.

(8! The natural gas was switched off and the analysis 
repeated. Water vapour levels were lower, but not toy 
much, and the pattern was maintained. As there was no 
water supply to the furnace, an alternative reason was 
sought.

(7) Careful observation indicated the presence of oil vapour 
over the quench and this was confirmed by methane 
analysis with a nitrogen-only atmosphere.

IS) Subsequent investigation found tire oil weir to too snot 
ffeient due to blockage, thus allowing oil vapour back 
into the furnace. This bad masked the effect of air 
entrainment undet the hearth and vice-versa. 1 he patchy 
nature of the decarburisation was caused when the 
washers hung over the end of the hearth in the oxygen- 
enriched stream between shakes. The previously- 
treated fasteners had always rolled rapidly off the end. 

(S) Correction of tire oil weir and elimination of air ingress 
under tore hearth cured the problem.

Example 3
Problem
A bell furnace is bright annealing copper-alloy strip using 
nitrogen/1% hydrogen. The strip is mainly bright but 
shows some random staining, particularly between the 
inner lops of the coils.

Method
(f)The technique for batch furnaces is the same as for

continuous furnaces, except that the processing stages 
occur in time sequence rather than in physical sequence. 
In this case, the usual enquiry with regard to process 
changes was negative. Tire same material had been pro
cessed in the same furnaces, with the same atmosphere 
and cycle, for several years.

12) Staining of this type is difficult to identify, even to 
operators familiar with the material. At first, it was put 
down to an oxide but this seemed unlikely as light 
oxidation is usually associated with the cooling cycle and 
tends to be formed preferentially on the outer laps of the 
coil,

13) Carbon dioxide, water vapour and oxygen potential were 
measured at the furnace vent throughout a cycle. All 
results were normal, except that carbon dioxide and 
water-vapour levels took longer than normal to stabilise 
once annealing temperature was reached.

!4) This could have been caused by an air leak but this was 
considered unlikely as readings later in the cycle were 
normal. Air teaks in boil furnaces are normally located 
around fan bearings, and thus remain constant through
out the cycle, or around the seal, usually becoming 
worse as the temperature rises.

fb) A sample of the final rolling lubricant was subjected to a 
TGA Ithermogravimetric analysis) which showed that a 
significant proportion of the material was volatilised 
between 400 and 450°C.

18) A hold was introduced into the heating cycle at 450°C 
and step (3) repeated. Carbon dioxide and water vapour 
at the start of the soak were now norma! and the product 
fully bright. The colouration had been due to the effect of 
trapped roiling lubricant which had been given insuf
ficient time to volatilise.

17) It was subsequently discovered that the specification of 
the rolling lubricant had been changed in order ro reduce 
costs, No-one had thought to tali the heat treatment 
department.

CONTROL OF ACTIVE ATMOSPHERES
There are many active nitrogen based atmosphere systems 
but only those whose aim is to diffuse either carbon, 
nitrogen or a combination of the two into or out of a ferrous 
material are discussed here.
Carburising aral tsarboniti'kfiiig
Let us first consider the diffusion of carbon. As indicated 
previously, it is possible to use methane directly as a source 
of carbon. However, if good carburising rates are required, 
concentrations need to be high (minimum 20% I5 and treat
ment temperatures high (preferably in excess of i050°Q. 
Such systems are difficult to control, due to the non
equilibrium conditions in the furnace, and soot formation is 
often a problem.
By far the most popular system for carburising is that based 
on nitrogen and methanol15 /Pndomix}, with either methane 
(natural gas) or propane additions. Methanol cracks in the 
furnace to produce carbon monoxide and hydrogen. In the 
main, carbon monoxide levels of 15 to 33% are used for 
carburising7. The sequence of reactions for carburising is 
complex but is summarised by reaction {TO] and thus 
carbon potential is a function of:

3r -- tv.
p?CO
pCQ?

(11]

At normal carburising carbon monoxide levels, the carbon 
dioxide is well within measurable limits (Appendix D). It 
can be determined by chemical absorption methods but by 
far the most common is that using differential absorption of
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infra-fed light. As with protective atmospheres, both carbon 
monoxide and carbon dioxide measurements are required 
for completely accurate control. However, as the carbon 
monoxide level is high and controlled by the methanol 
flowrate, carbon dioxide measurement is usually con
sidered sufficient. This is a reasonable assumption when a 
propane addition is used but, w*th natural gas, BOC s 
experience shows that some allowance must be made for 
the dilution effect of methane {Fig. 4).
The same is of course true when ammonia is added to 
produce a carbonitriding atmosphere, and similar 
allowances must be made in order to achieve accurate 
carbon potential control The nitrogen potential of such 
atmospheres derives from dissociation of the ammonia:
2NH3-2'NT + 3H2 [12]

where ''N" is nascent nitrogen. (At normal carburising/ 
carbonitriding temperatures, nitrogen gas can be con
sidered inert and does not diffuse into steel). It is not easy to 
measure "N" directly, nor can one infer it from the hydrogen 
concentration as hydrogen is already present in the atmos
phere. It is possible to measure ammonia concentrations, 
using techniques simitar to those used for carbon monoxide 
and carbon dioxide, and infer cracking from the apparent 
loss.
In practice, this is rarely carried out although, as discussed 
below, the amount of cracking is heavily dependent upon 
the average residence time of the gas in the furnace. 
Generally, the addition of a fixed ammonia flowrate is suf
ficient to control the final properties within acceptable 
limits, especially when combined with carbon potential 
control.
As discussed fot protective atmosphere systems, it is 
possible to infer the COcCO ratio, and hence the CO,/.CO' 
ratio, from the H4,0.H;, ratio via the water-gas reaction [6]. 
Water-vapour contents for typical carburising and carbon- 
itriding atmospheres are in the easily-measurabfe range and 
any of the instruments described in the protective atmos
phere section may be employed.
Using the equation for the oxidation of carbon monoxide to 
carbon dioxide

2 CO -f 07~*2 CO? [13]

it is possible to substitute oxygen partial pressure for carbon 
dioxide panta! pressure in equation [11]. Thus carbon 
potential is directly related to:

ac — pCO
Pl-o,

114}

The very low oxygen partial pressures involved in this ratio 
can be measured using a zirconia oxygen probe, either in- 
situ in the furnace or, less-convenientiy, remotely sited,
As previously detailed, for the most accurate measure
ments. carbon monoxide levels must also be measured. 
However, normal practice is to assume a carbon monoxide 
content as shown in Fig. 5.
Because of its rapid response time, the in-situ oxygen probe 
has proved a most effective control device for carburising 
and carbonitriding applications.
Nitrocarburistng
in nltrocarburising {both austenitic and ferritic processes), 
most of tne considerations for carbonitriding still apply but 
the control window for a high-quality product is large; thus, 
in practice, flowmeter control of the ingoing gases is all that 
is required. Measurement of the free ammonia is normally 
only necessary during the set-up stage. As has been stated 
previously, the amount of ammonia dissociation, which is 
critical to these processes, varies considerably with furnace 
type and flowrate6. Surface-area of load also has an effect
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r>g 4, bx? -viatrons/vp between % CO? and surface carpon at 900r'C 
cakuiated data for a fixed 76% CO -We/ compared with practical results 
obtained using an atmosphere derived from nitrogenmerhanof with 
ratio set fbCibOl to give a base CO of ?6% Methane (for higher carbons! 
and air tfor lower csrbonsi were added under automatic CG? control

and should be considered when large changes in 
component type or geometry are proposed.
Free ammonia can be measured using an infra-red 
instrument or, more economically if more labour-inten- 
sively, using a dissociation burette iAppendix E).
For both ferritic nitrocarburising, using a nitrogen-based 
system, and for nitriding, it is also possible to chart the 
progress of reaction [12] using a hydrogen analyser as, in 
both processes, no other source of hydrogen is present 
Indeed, hydrogen analysis is the normal method of contro* 
for the Floe two-stage nitriding process which can eliminate 
white-layer formation.
Decnrburisation
So far, all of the active treatments considered have been 
directed at diffusing non-metallic elements into ferrous 
materials. In some cases, the reverse process is required. 
Two nitrogen-based atmosphere systems are commonly 
used for decarburisin^: nitrogen methanol water and 
nitrogen-hydrogen-water. in both cases, the main decarbu- 
rtsing reaction is:

H20 + Cre-^Hj 4 CO [16]
The products of this reaction will react further via the water 
gas reaction [6] which is rapid at the normal decarburisation 
temperature (SSO^O. Thus the carbon potential is denved 
via equation [11] and can be evaluated by measuring both 
carbon dioxide and carbon monoxide {Fig. 6). The measure
ment of these gases is much easier in the rttroperv

Surface carbon, %

Fig. S. Typical oxygen probe control curves lor 20% carbon monoxide.
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mettianof-water system, where both carbon dioxide and 
carbon monoxide are at percentage levels, than is the case 
for the nitrogen-natural gas system described earlier. 
Control is then possible by changing the water flowrate In 
practice, such measurement is rarely carried out and control 
is empirical

FAULT-FINDING IN ACTIVE ATMOSPHERE
SYSTEMS .
Faults covered in the protective atmosphere fault-finding 
section, such as air leaks, perforated water jackets and 
leaking burner tubes, are equally to be found in active 
systems and the basic fault-finding method is the same^ 
Therefore, only faults relating to the thermochemical 
treatment itself will be covered in this section.
Because of the complex nature of the chemistry of active 
atmospheres, it is much more difficult to pinpoint problems 
than in protective systems. A list of possible causes to be 
eliminated one-by-one is usually the best approach. The 
golden rule is never to change more than one factor at a 
time As with protective systems, the first course of action 
should be to look for changes but small changes in practice 
can have significant effects that may not be evident at fust 
sight
Soft spots
Soft spots in carburised and carbomtnded components 
have two main causes, either poor quench or lack of 
diffusion The difference should be obvious on metallurgica 
examination Poor quench can be a material or mechanical 
problem; lack of diffusion has many possible causes, a few 
of which are listed below:
H) Mechanical stop-off. caused by poor jig design or

touching components. ....
(2) Low gas movement areas, created either by jig design or 

by the topology of the component.
(3; Stop-off caused by surface films. Such effects are more 

likely as treatment temperature falls. For nitriding, 
careful cleaning is required, preferably by vapour 
degreasing or shot blasting, followed by handling only

with clean cotton gloves. Even a sweaty fingerprint can 
act as a stop-off' For carburising, requirements are 
usually less critical, although dried-on patches of 
washing agent or cutting fluid brave been known to 
cause problems.
One possible solution to an intractable problem or this 
nature is to oxidise the components slightly at the 
beginning of the cycle, either externally in an air- 
recirculating tempering furnace, or in the main furnace 
chamber by making a controlled air addition tor a few
minutes. .
A further cause of soft spots is excessive carbon levels 
resulting in patches of retained austenite. This problem 
is usually related to residual oil or grease patches on the 
workpiece prior to treatment, but can be caused by poor 
methanol cracking, causing dripping directly onto the 
workpiece, in nitrogen-methanol systems.

Low case depth with low carbon/nitrogen level
These effects are often combined, the low surface carbon or 
nitrogen resulting in insufficient diffusion. This can be due 
to stopping off, as described previously, but other causes 
are more usual:
{1) Control instrument, particularly but not exclustvelv infra

red carbon dioxide, receiving a poor sample:
(al leaks in pipework will dilute carbon dioxide levels 

above 400 ppm, tooling the instrument into pro
ducing low carbons.

lb) broken, damaged or blocked sample tubes may take 
atypical samples; for example, from within the 
furnace brickwork.

Always check with another instrument, preferably via an 
alternative sample point

(2) It is alvvavs worth checking the instrument calibration 
Even oxygen probes can give incorrect readings if the 
reference air supply fails.

(3) Air leaks can cause low surface carbon and nitrogen 
levels in furnaces with no automatic control, as can 
atmosphere gas recirculating from vestibules via poorly- 
fitting intermediate doors.
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(4) Thin cases can also result from poor gas movement 
within the charge. This is particularly true of the nitro- 
carburising and nitriding processes which rely on metal 
surfaces to catalyse decomposition of the ammonia.

Correct surface carbon/nitrogen with low case
This fault is usually associated with boost/diffuse cycles in 
carburising/carbonitriding or in the Floe nitriding process. It 
is usually caused by a failure to achieve the correct boost 
potential. Other than poor control, this can be caused by air 
leaks limiting the maximum carbon potential achievable 
before the onset of sooting50.

High surface carbon
Excessive surface carbons are perhaps the most common 
fault in carburising and carbonitridmg. Their causes are 
legion but the most common are given below:
{!) Incorrect boost/diffuse ratio: i.e. not enough diffusion 

time allowed for surface carbon to fall to the diffusion 
set-point.

(21 Boost carbon potential too high. Once the sooting limit 
of on atmosphere system is reached, control is lost as the 
atmosphere becomes non-eguilibrium. Deposition of 
carbon tends to catalyse further deposition from carbon 
monoxide, raising carbon dioxide levels and fooling 
control systems to add yet more addition gas. Similarly 
with dewpoint control and oxygen-probe control, the 
sensor can become coated in soot and give false 
readings.

(31 Adventitious oils and greases on workpieces can 
introduce an unwelcome carbon source into a furnace. 
Carburising from the deposited carbon is generally in 
addition to that from the normal addition gases.

(4) Poor methanol cracking in nitrogen-methanol systems 
can result in soot formation and a scenario similar to (3) 
above. However, the effect is usually localised in the area 
of methanol injection.

(5) Leaks in instrument sample lines can cause high carbons 
where air is higher in the measured parameter than the 
sample gas. This rs true for dewpoint and external 
oxygen-probe control techniques. It can be true for 
carbon dioxide where it is possible for the same leak to 
cause high boost and low diffusion carbon potentials, 
particularly as shop air typically has a slightly higher 
carbon dioxide content than ambient air.

CONCLUSIONS
The control of nitrogen-based atmosphere systems is 
generally simpler than that of the alternative generator- 
based systems because of the small number of pure 
components used, in addition, fault finding is made easier, 
firstly by the very simplicity of the systems and, secondly, 
by the availability of an inert medium in which to measure 
adventitious components.

APPENDIX A-OXYGEN MEASUREMENT
There are many instruments available for the measurement of 
oxygen, the majority being based on either electrochemical or 
paramagnetic analysis techniques. Each type has advantages and 
disadvantages and careful selection is required in a particular 
application
Of the electrochemical techniques available, the most commonly 
employed in heat treatment applications are the zirconia cell and 
the fuel-cell types: Hersch cell instruments are occasionally used 
but are not considered here.
All of the zircoma-cell instruments work on the same principle, but 
the physical construction and size of the cel! can vary widely. A 
zirconia electrolyte (stabilised either with yttria, calcium or 
hafnium) is heated, usually in the range 600 to 950° C. This can be 
achieved either externally to the furnace or irvsitu using the furnace 
heat. The sample gas is introduced to one side of the electrolyte 
and a reference gas. usually air, to the other. The voltage generated

Inner platinum 
electrode

Reference 
gas lair) insulators

Zircorua
tube

Outer
ptebnum
electrode

Sample gas

fig, 7, Schematic of s z/rconta oxygsc cell.

across the cell is measured using a high-impedance device A 
typical arrangement is shown in Fig. 7.
The cell output voltage is given by the Nernst equation, thus, 
providing no current is drawn, it is an absolute measure of oxygen 
potential. The output voltage IE' of such a probe is thus related to 
oxygen partial pressure fpO?):

E2.303 RT loq,c — {15)
4F p,*

where R is the gas constant, T is the absolute temperature. F is the 
Faraday constant, and pw, is the reference oxygen partial pressure 
In many control applications, particularly where in-situ instruments 
("oxygen probes ! are used (Ftg. 81 the output millivoltage rs used 
directly as the control parameter.
The main advantages of the zirconia-cell instruments are their fast 
response time and the absolute nature of the output. The main 
disadvantage is the high operating temperature requirement This 
is only really a problem in portable units which use a sample drawn 
from the furnace. A cefl temperature higher Than the furnace 
temperature, or a long residence time in a tower-temperature cell, 
can result in secondary reactions and, thus, potentially misleading 
readings. This effect can be minimised by selecting a unit 
operating at the lowest possible temperature.

Suppliers, in situ instruments:
Marathon Monitors Ltd., Building 70, Third Avenue. The 
Pensnett Estate. Ktngswmford, West Midlands DY6 7PP (tel: 
0384 4006W).
Drayton Probe Systems Ltd., Newstead Trading Estate, 
Trentham, Stoke-on-Trent, Staffordshire ST4 8HX (tel: 0782 
6573611.

Supplier, portable instruments:
Hirech Instruments Ltd., Unit 75, Progress Park. Pibcon Way, 
Luton, Bedfordshire LU4 BUR ltd: 0582 597478)
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A second electrochemical technique is the use of a fue! or galvanic 
ceii, strewn diagramattcaiiy in Ftg.S. Tire overall cell reaction is
2Pb + Oj-*2PbO f17l

with die hall reactions:
Cathode: 02 4- ?.H ,0 + 4e- 4QH ' D 8]

Anode; 2Pb 4 40H — 2PbO + 2H?0 4 4e l*9j

The ceil output voltage is constant, with the output current varying 
according to the equation:

Current = King

where K is a constant and p02 is the partial pressure of oxygen in 
the sample.
Such cells nave a relatively short life and must be replaced every 
few months. However, a longer life cell, lasting approximately 5 
years, is available which operates on a very similar principle, 
although the cel! chemistry is slightly different. For all practical 
purposes, the output of these ceils can be considered linear. 
Galvanic ceHs are oxygen-specific and are very little affected by the 
presence of combustible gases Their mam drawback is long 
equalisation time, which is normally about 30 minutes but can be 
as long as four hours after extended exposure to air.
The shorter-life cell is normally recommended for applications 
measuring less than 0.1% oxygen and the longer-life cell tor 
measurements above that level and/or where there is exposure to 
high carbon dioxide concentrations, which have little effect on this 
extended life unit.
Suppher: Hitech Instruments L td. (address as above}.

The second major technique is that of paramagnetic analysts, a 
method invented by Pauling following Faraday's original 
experiment in 1851. The general principle is illustrated in Fig. 10. 
Magneto-dynamic oxygen analysers determine the magnetic 
susceptibility of a gas by measuring the force developed by a 
strong non-uniform magnetic field on a diamagnetic test body 
suspended in the sample gas. The test body consists of two 
nitrogen-f>Hed quartz spheres arranged in the form of a dumb-bel! 
as shown in F,g. 10a. A single turn of *ne platinum wire Ithe 
feedback coil) is secured in place around the dumbbell. A rugged 
taut-band platinum ribbon suspension, attached to the midpoint of 
the dumb-bell, positions it in the strong non uniform magnetic field 
existing between the specially-shaped pole pieces of the 
permanent magnetic structure (fig. IClbl.
The angular rotation of the dumb-bell is sensed by a light beam 
prciected onto a mirror, attached to the dumb bell, from which it is 
lefiected onto a pair of photocells I Fig. 10ci The difference in the 
outputs from these photocells is fed to an amplifier whose output is 
zero when both photocells are illuminated eoualty.
When a sample gas containing oxygen surrounds the dumb-bell, 
the oxygen molecules are attracted to the strongest part of the 
magnetic field. Thus tire forces acting on the dumb-bell are 
changed, causing a displacement of the light beam across the 
photocells, which in turn results in a difference signal being sensed 
by the amplifier. The corresponding output of the amptffiei is a 
current, proportional to the oxygen content of the sample, winch ts 
fed to the feedback coil of the measuring cell. This produces a 
magnetic field which opposes tire forces causing the dumbbell to 
rotate. Thus the dumb bell is maintained in its original position 
Since this current is proporliot tai to the oxygen content of the gas 
sample, it is used to develop the output signals available from the 
analyser.
Such instruments (Fig. 1 It are particularly cxvgen specific and are 
krtle sheeted by combustible gases As such, they are useful in 
measuring free oxygen in reactive atmosphere systems.

Supplier: Servomex (UK) Ltd., Janos Brook, Crowbornugh, 
Sussex TN63DU (tel: 0892652181).

APPENDIX B-HYDROGEN MEASUREMENT
Hydrogen is usually measured by a thermal conductivity gas 
analyser. The detector is a katharometer which responds non 
specifically to changes in the thermal conductivity of the gas 
slream. Each analyser is calibrated for a particular gas mixture -or

1 -pO,
[20]
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which it will give a direct reading of percentage hydrogen 
The katharometer consists of a brass block, providing a thermal 
mass, within which are housed two platinum filaments forming 
opposing arms of a Wheatstone Bridge. The filaments ate heated 
by a low vottage current. Tire filament in the sample gas cools 
relative to the standard filament because of the higher thermal 
conductivity of the sample gas. This cooling changes its resistance 
which is measured by the out-of-balance current.
The katharometer is theoretically only suitable for use with binary 
gas mixtures. However, the interrelationship of components in 
complex-but consistent gas streams often has predictable side 
effects, so enabling this principle of detection to be employed.

Supplier: ABB Kent-Tay/or Ltd., Howard Road, Eaton Socon. 
St. Neats, Cambridgeshire PF19 3EU (tai. 0480 75321f.

APPENDIX C-WATER VAPOUR MEASUREMENT
As stated previously, water vapour can be measured by a large 
number of techniques.
The first to be considered measures water vapour by cooling a 
sample and observing or inferring the temperature at which free 
water or ice forms. This temperature rs normally referred to as the 
dewpoint and can be related directfy to the water-vapour content 
of the sample. In fact, so common is this form of measurement that 
control functions ate usually designated in dewpoint rather than 
water-vapour content,
Many techniques exist for coding the sample and observing tire 
formation of water. Cooling can be achieved by evaporation of a 
low-bdirng pomt liquid, by electrical cooiing using a Peltier cell or 
thermoelectric coder, or by adiabatic expansion. Observation can 
be by ionisation current in the chamber, by conductance of the 
cooled surface, by reflectivity of a cooled mirror or simply by direct 
visual observation, Many such instruments have proved to be 
unsuitable for use in fumace atmosphere applications because of 
the dirty nature of the sample-gas stream and the presence of 
hydrocarbons which can give false dewpoints.
However, an instrument using adiabatic expansion and direct 
human observation has proved accurate and effective. This 
operates by drawing a sample of gas into the observation chamber 
and compressing it. After a few seconds pause to allow the gas to 
return to room temperature, it ;s suddenly expanded to 
atmospheric pressure, a lamp simultaneously illuminating the 
chamber, if the sample has cooled to below- its dewpoint as a result 
of the sudden adiabatic, expansion, a mist is seen in the chamber. 
By repeating the procedure at different starting pressures, a point 
at which the mist just vanishes can quickly be found. Values for the 
temperature and pressure at this end-point'1 are used to calculate 
the dewpoint using a simple "sliderule".
Such instruments have been found to be reliable in the field and do 
not require calibration. Their only disadvantage is the physical 
effort and time necessary to generate a reading.

Supplier: CaseUa London Ltd., Regent House, Wo/seiey Road, 
Kempston, Bedford MK42 7JY fte): 0234 841441).

Other techniques include; determining the amount of water 
absorbed by a test material, either by measuring the electrolysis 
current or the heat of absorption, or by the change in crystal 
frequency; or equilibristrng the water vapour with a hygroscopic 
material and measuring conductivity, capacitance or physical 
extension.
A more recent innovation has been the use of a water-vapour- 
sensitive silicon chip. Such instruments (Fig. 12) have proved very 
reliable in service and are able to give a continuous output.

Supplier: Moisture Control & Measurement Ltd., Thorp Arch 
Trading Estate, Wetherhy, Yorkshire LS237BJ (tel: 0937843927).

APPENDIX D-CARBON DIOXIDE/CARBON MONOXIDE 
MEASUREMENT
Carbon dioxide and carbon monoxide are measured by infra-red 
gas analysis. This works on the principle that any gaseous 
molecules possessing dissimilar atoms absorb infra-red radiation 
at a unique wavelength in the 2-15^m range. The degree of 
absorption is directly related to the proportion of tire gas present 
Thus, by measuring the attenuation of an infra-red beam of the 
correct wavelength, passing through the sample, the proportion of 
the gas can be determined.

Fig. 11. A paramagnetic oxygen analyser.

The attenuation of a specific wavelength can be measured either 
using a Uift pattern gas-sensibsed detector or a solid-state 
detector, with selection of the appropriate wavelength by optical 
Interference filter. Both systems have their advantages and disad
vantages. However the Analytical Development Company Ltd. 
have a system which combines these techniques and is said to 
have the advantages of both without compromising performance. 
The system is insensitive to vibration and to silting which can occur 
in dirty gas stre;*ms
In detail, as shown in Fig. 13. radiation from a small source S is 
directed through a forming modulator wheel M which incorpomres 
two sealed gas cells containing the reference gas and an inert gas 
respectively. Following tfie modulator, the radiation is collimated 
by a sphei teal lens LI and passed through a thm-film inteiterence 
filter F to select the spectra: region of interest. After traversing the 
cell, a lens L2, identical with lens LI, images the source onto the 
pyroelectric detector D, The modulator wheel M is fitted with an 
indexing ring to provide gating signals for signal processing.
In order to appreciate the principle of operation, consider as an 
example a gas mix which contains carbon monoxide (the con
centration of which is to be determined) and carbon dioxide. The 
modulator cells will be filled with carbon monoxide (Cell A) and 
nitrogen (Cell Bi respectively.
When the gas stream passing through the analysis cell contains an 
infra-red absorbing gas fi.e. CO and CO-I, a train of pulses will be 
obtained from the detector as depicted in Fig. 14 case (1). If now 
the gas stream passing through the analysis cell contains the infra 
red absorbing gasro which the modulator wired is sensitised (CO),

Fig. 12. Water-vapour analyser from Moisture Control B Measurement.
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a different train of pulses will be obtained, as shown in Fig 14 
case >2).
It wilt be seen that both signals are reduced, bul tltat signal A 
experiences a smaller change than signal 8. This is because the 
radiation level corresponding to A is already reduced by the 
presence of CO in the filter wheel which selectively absorbs most 
of the radiation in the CO waveband. By processing the signals, the 
concentration of carbon monoxide may be determined.
In the example given, carbon dioxide is also present which, with 
thin-film filter isolation o* the spectral region, is known to interfere 
with the carbon monoxide measurement However, with ihe 
optical system described, the interfererx:e is substantially reduced 
because of the carbon monoxide filling in cell A of the modulator 
This filling tailors the response to the fine structure of carbon 
monoxide, removing most of the carbon dioxide overlap.
These instruments have been shown to be reliable in the field, but 
do require calibration on e daily basis if accuracy is to be 
maintained.

Supplier: The Analytical Development Company Ltd.r Pindar 
Road. Hoddesdcn. Herts EN110AQ (tel: 0992469638).

APPENDIX E- AMMONIA MEASUREMENT
Ammonia may be measured using an infra-red gas analyser, as 
described in Appendix D for carbon dioxide and carbon monoxide 
A simpler, if more time consuming, technique which does not 
provide the continuous readout of the infra-red unit is the di& 
sociation burette (Fig. 13a).
A measurement is made by introducing a sample of gas into the 
predetermined volume A by opening valves C and D. When the 
volume is fully purged with sample gas. vaives C and D are closed 
In order to make the measurement, valve E is opened to allow 
water (slightly acidified) to entev The ammonia is fully soluble in 
water and rapidly dissolves, pulling in more water until all of the 
ammonia is dissolved The volume of water is equal to the volume 
of ammonia in the sample. If the burette is calibrated 0100. then 
the degree of dissociation may be read directly as shown tn 
fig. 15b.
The technique always measures the amount of ammonia and. 
therefore, can be used to track purging or to measure the ammonia 
content of more complex systems, such as those used in nitro- 
carburising or carbonitriding
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Purity requirements of gases used for heat treating atmospheres

by

P F Stratton and M S Stanescu BOC Cases

Introduction

Asking a metallurgist what are the purity requirements of gases used for heat treating atmospheres is 
rather like asking a chef what to add to your flour. It very much depends upon what you wish to 
achieve - the requirements for a Dundee cake are veiy different from those for tagliatelli cafbonara. If 
the objective is simply bread, just consider' the number of books written on that subject

This paper will therefore concentrate on just a few common examples, particularly those where the 
answer to the question might affect tire sourcing of the gases involved and tire way they are used in the 
process. The examples will be limited to those processes where the desir ed outcome is a clean, bright 
product as the effect of free oxygen concentration on the rate of oxidation of metals and alloys has 
already been discussed extensively elsewhere [1-3].

Aluminium

It can clearly be seen fr om Figure 1 that aluminium requires a very high TtyltyO ratio to avoid its 
oxidation. So high in feet that, under all practical conditions, it is impossible to achieve in an 
atmospheric pressure furnace. The aim of the heat treater in aluminium processing is therefore only to 
limit flie rate of oxidation to obtain a bright finish. For all aluminium alloys, including those with high 
levels of magnesium, nitrogen with up to 0.5% oxygen can provide the necessary protection [4]. This 
nitrogen can be economically generated on site, using nonciyogenic technology. However, 
noncryogenic nitr ogen sources (PSA, membrane) must be used in fijmaces of sufficiently high integrity to 
prevent further air ingress.

Aluminum alloys with magnesium should be treated at lower temperatures, if nitrogen purity is 99.5 %
[4]. Aluminum foils of high quality (used hi the electronics industry as high capacitance foil for 
electrolytic capacitors, etc.) need a unifonn layer of AI2O3, on the foil sur face [5], This can be achieved 
only with high purity nitrogen containing less than 5 ppm oxygen.

Water stains on the annealed aluminium sheet are caused by a high dew point in the furnace atmosphere. 
Another contaminant that also needs to be considered in the processing of aluminium sheet and foil is 
lubricant fume. Some lubricants and hydraulic oil, from the leaky hydraulic system of the rolling mills, 
could cause oil stains. Oil concentrations higher than 1.8% in the cooling liquid used during rolling can 
cause oil stains after annealing. Such problems are best avoided by using the optimum nitrogen flow 
rates and annealing cycle. A higher flow rate of dry nitragen during heating up will purge out evaporated 
oil and water, and avoid discoloration.

If, as often is the case, non-magnesium containing alloys are treated in air, then the risk of oil fume 
exceeding the flammable limit is high As the annealing operation usually hikes place well below the self 
ignition temperature the potential for an explosion is significant It is recommended therefore that all



material with residual rolling lubricant present is treated in an atmosphere containing less than 1% 
oxygen in line with the safety standards [6,7].

+14

Temperature°C

Figure 1. The oxidation limits for various elements 

Stainless Steel

Stainless steels typically contain 12% to 20% chromium and it is this chromium which dominates the 
requirements for protective atmospheres. Figure 1 indicates that high chromium alloys are very difficult 
to keep bright during annealing. At 1100°C (2010°F), even using 100% hydrogen, a dew point of - 
43°C (-45°F) is required to prevent oxidation of chromium. However, experience has shown that to 
produce a good surface finish, dew points better than -50°C (-58°F) are required [8], Although a dew 
point of-50°C (-58°F) is equivalent to 70 ppm water vapour the hydrogen supply needs to have a 
much lower dew point to take account of furnace leaks and less than 5 ppm water vapour or a dew 
point less than -72°C (-98°F) is recommended.

Atmospheres containing at least 50% hydrogen are required, even in the tightest furnace but, because at 
die normally used annealing temperatures nitrogen can react with chromium to form sub-surface 
chromium nitrides, 100% hydrogen atmospheres are recommended It has been suggested that a 
maximum of 100 ppm nitrogen is required, if nitriding is to be completely avoided Although hydrogen 
costs continue to fall in real terms as more efficient plants are developed, it is expensive relative to 
nitrogen, so furnace zoning techniques can be used in continuous furnaces so that hydrogen is only used 
in the furnace hot zone and is diluted with nitrogen at the entry and in the cooling zone. Some care must 
be exercised in the application of these techniques as furnaces designed to anneal these materials are 
also designed to take advantage of the high heat transfer rate afforded by the use of 100% hydrogen 
atmospheres. Moreover, an appropriate f^H20 ratio, in the furnace atmosphere is needed to below 
400-500°C (750oF-930°F) to avoid discoloration during cooling.



Molecular nitrogen is not the only potential source of nascent nitrogen. Far higher nitriding potentials 
can be produced by very small amounts of ammonia carry over from defective crackers With cracked 
ammonia there is also the irreducible risk of nitriding from molecular nitrogen. Although the nitriding 
potential at 1100°C (2010°F), is only some 0.25% [9] and therefore soluble in austenite at that 
temperature, precipitation will occur if the cooling rate is insufficient

Structural Steel

There are many potential heat treatments for steels. Three will be considered as examples; hardening, 
annealing and carburising.

Hardening

Iron is relatively simple to keep bright with an F4:H20 ratio of about two at hardening temperatures. 
Even with a low hydrogen, say 2%, atmosphere and a margin of error a dew point of only CPC (32°F) 
is required. This would imply that nitrogen containing 0.3% oxygen could be employed Even with a 
good allowance for leaks an original composition of nitrogen/0.15% oxygen/2.6% hydrogen should give 
bright results making noncryogenically generated nitrogen economically attractive.

Unfortunately oxidation is not the major problem in this type of treatment Decarburisation is much 
more difficult to control. Experience has shown that an atmosphere containing nitrogen with 2 to 4% 
natural gas can provide a decarburisation free environment for this application providing die dew point is 
around -30°C (-22°F) [10], Dew points above this tend to decarburise and when much lower can lead 
to soot formation problems. Such a low dew point implies a dry, low oxygen (5 ppm) nitrogen source 
and a tight furnace.

Variable results due to oxidation

'Total
decarburisation

Partial
decarburisation

0 0.1 0.2 0.3 

Depth of decarburisation (mm)

Figure 2. The effect of oxygen concentration in nitrogen on decarburisation of SAE 8620 in a 
nitrogen/4% natural gas atmosphere at 850°C (1560°F)



If higher oxygen concentrations in the nitrogen are employed the decarburisation occurs as shown in 
Figiue 2. It has been suggested that these effects can be eliminated by die use of higher natural gas 
concentrations. Experiment has shown that because of the slow reaction rate of natural gas and oxygen 
at the hardening temperature die cracking reaction tends to predominate resulting in sooting. Hiis effect 
can be minimised by increasing the residence time of the mixture at temperature but in practice flows 
become so low tiiat furnace atmosphere integrity cannot be maintained except in specially designed 
furnaces

If more easily dissociated hydrocarbons such as propane or, better propylene, ar e substituted for the 
natural gas the results ar e much better and it lias been found possible to operate some furnaces in this 
way using nonciyogenically produced (PSA or membrane) nitrogen containing 0.5% oxygen, without 
automatic carbon potential control. However, operating parameters ar e not transferable between 
furnaces and depend upon atmosphere residence time, area of nickel based alloys and superheat of the 
heating elements. For many furnaces no practical solution exists or die operating window is small, 
negating the economic benefit of using lower purity nitrogen. However, nonciyogenically produced 
nitrogen/methanol mixtures, with die carbon potential controlled by either a hydrocarbon (natural gas) or 
air, can be used with good results at die hardening temperatures.

Annealing

Many of die same considerations apply to die annealing of steel except diat it is now necessary to 
maintain a higher H2 H2O ratio during cooling. For example, in the cooling zone of a continuous 
furnace, a minimum ratio of twenty must be maintained, to avoid oxidation. Under tiiese
conditions the use of nonciyogenically generated nitrogen/hydrogen mixtures is difficult to justify 
economically when high purity gas is available at a reasonable cost However theory suggests that 500 
ppm of oxygen could be tolerated in the nitrogen in a leak free environment

Most of the annealing atmospheres are made of nitiogen with additions of a source of carbon monoxide 
eitiier directiy (metiianol, endothermic gas, etc.) or indirectiy by reaction with residual oxygen (propane, 
propylene etc.), for steel rod, wire and tube, or of nitrogen with additions of hydrogen and, 
increasingly, 100 % hydrogen, for steel sheet Propane or other carbon monoxide sources should 
confonn to metallurgical grade specifications. In most cases, nitrogen and hydrogen used in annealing 
have 99.999 % purity.

In annealing of laminations for motors and transformers, nitrogen with additions of hydrogen (with or 
without additions of water), and hydrogen atmospheres (with or without additions of water) are used 
Annealing of these electrical steels which require decarburisation could utilise lower purity, lower cost, 
noncryogenic nitrogen as an alternative to liigh purity cryogenic nitrogen in the hot zone of continuous 
furnaces. Here the residual oxygen reacts with hydrogen to become the water that acts as the 
decarburisation agent

Also in tire annealing of some structural steel parts noncryogenic nitrogen, with a source of carbon 
monoxide, may be used in the hot zone of continuous furnaces to prevent formation of scale. However, 
when noncryogenic nitiogen (without deoxygenation) is utilised decarburisation cannot avoided in low 
temperature annealing. Tire decarburised layer of these annealed parts will often be machined anyway 
so its presence is unimportant The absence of abrasive scale on these annealed parts is however



important, as it will extend cutting tool life considerably, possibly decreasing overall cost and improving 
surface quality

In bright annealing of steel sheet special attention should be paid to the possibility of carbonaceous 
deposition This deposition, usually only a few milligrams per square metre, is a problem particularly if 
tire material is to be further treated to produce a decorative finish. The carbonaceous deposition on the 
annealed steel sheet can make the product black or cause a less than bright surface. Its removal to 
obtain a bright surface would make finther processing expensive.

Batch type furnaces (box, bell) are more vulnerable to carbon deposition than continuous furnaces ( 
roller hearth, pusher, belt, strand). Hydrocarbon gases, such as methane, are present in the furnace 
atmosphere from the evaporation of the cold rolling lubricant, during the heating up stage, in both 
nitrogen-based and hydrogen atmospheres. An additional production of methane and ethylene has been 
reported in hydrogen atmospheres at soaking temperatures and the beginning of the cooling stage of 
annealing cycles.

One reason for carborraceous deposition may be decomposition of methane:

CH4 = C + 2H2 {1}

and Fischer-Tropsch reaction:

CH4 + H20 = CO + 3H2 {2}

Another reason for carbonaceous deposition could be the presence of carbon monoxide in tire furnace 
atmosphere. Carbon monoxide will be present in exothermic or endothermic gas, or as a reaction 
product resulting from hydrocarbons reacting with oxygen and water by Reaction {2}, or could be 
present in hydrogen produced by Steam Methane Reformer (SMR) plants, if hydrogen grade and 
process requirements are not met Carbonaceous deposition can then be explained by the 
decomposition of carbon monoxide by tire Boudouard or producer gas reaction during cooling in the 
critical range for sooting, 500°C (932°F) to 300°C (572°F):

2CO = C + C02 {3}

The rate of decomposition of carbon monoxide at temperatures lower than 700°C (1292°F) is slow 
unless it is promoted by a catalytic surface such as iron. The surface of steel strip is a catalyst 
Endothermic, rich exothermic and nitrogen with hydrocarbon additions have a high actual (C0)2/C02 

ratio, much higher- than the equilibrium (COf/C02 ratio, at tire temperatures of the sooting range: 500 
°C (932 °F) to 300 °C (572 °F).

Hie same could be said for nitrogen with hydrogen and hydrogen atmospheres used to anneal steel strip 
with rolling lubricant Annealing cycles, hydrogen purity levels for given materials, atmosphere flow 
rates and flow rates profiles, were developed to avoid contamination of furnace atmospheres with 
carbon monoxide and hydrocarbons (e.g. methane), and eliminate carbonaceous deposition on the 
surface of the annealed steel sheet [11-13].



Carburising

The use of noncryogenically generated nitrogen for carburising is well documented [14-16], Any level 
of oxygen up to 5% can be tolerated at the cost of: an increased minimum proportion of methanol; an 
increased hydrocarbon addition for a given carbon potential; a modification of the control parameters 
brought about by increased carbon monoxide and hydrocarbon; and an increased carburising time due 
to a reduction in the maximum obtainable carbon potential. This last factor is the most important 
economically. Results from a sealed quench furnace operating under typical industry conditions are 
show in Figure 3.

- - - Water 
-----Oxygen

Contaminant %
Figure 3. The effect of oxygen and water contamination on maximum achievable carbon potential.

It should also be recognised that the U S. and European safety standards recommend a maximum of 
1% oxygen in a purge gas [6,7]. Taking these factors and the process economics into consideration it 
has been shown that the optimum oxygen in the nitrogen used for carburising is 0.5%.

Hearsay reports for geographies where it is difficult to obtain anhydrous methanol report exactly the 
same effects with increasing water content in the methanol in which it is completely miscible. Laboratory 
results from a sealed quench furnace operating under typical industry conditions are show in Figure 3. It 
has been suggested that in production a maximum of 5% water can be tolerated by the process.

It could be considered that the proportion of carbon monoxide in the carburising mixture is a purity 
issue. It is well known that internal oxidation of the chromium occurs in all atmospheric pressure 
carburising. Figure 4 shows that, as may be expected, the carbon dioxide to carbon monoxide ratio for 
a given carbon potential decreases linearly with decreasing carbon monoxide. It has been shown that 
for high surface area loads a minimum of 15% carbon monoxide is required for adequate carburising 
[17], However, if the load has a low surface area, so that carbon availability is not rate controlling, and 
the operator is willing to sacrifice some carburising speed, carbon monoxide levels and hence the driving 
force for internal oxidation, can be considerably reduced This is particularly important for steels where 
the only alloying element providing foe required hardenability is chromium



Figure 4 also demonstrates that the caibon dioxide to carbon monoxide ratio necessary to eliminate 
oxidation of chromium (approximately 2.5xl0'5) is not achievable at a caibon monoxide level that will 
support carburising. Thus, if internal oxidation is unacceptable then vacuum or plasma carburising must 
be considered

0.008

0.006

0.004

0.002

Carbon Monoxide %

Figure 4. The variation of caibon dioxide to carbon monoxide ratio with carbon monoxide content for 
an atmosphere with a carbon potential of 0.8% caibon at 950° C (1742 F).

Copper

Copper is very easy to keep bright Providing there is no free oxygen present water vapour cracks 
sufficiently at the annealing temperature to provide a bright finish. However, some dulling occurs and 
aesthetically improved results are obtained with higher ratio. It has been shown that providing
means are provided to fully react the hydrogen and oxygen, a nonciyogenically generated 
nitrogen/hydrogen atmosphere can be used to anneal copper [18]. Hydrogen addition levels need only 
be slightly higher than are needed to react with the residual oxygen.

Atmospheres containing caibon monoxide, typically generated from the partial combustion of 
hydrocarbon fuels, are also used in this application. Caibon monoxide, as well as being toxic, can 
dissociate by the Boudouard reaction {3} and lead to soot formation on the product

If the exposure to the protective atmosphere is short, for example resistance heated strand annealing of 
small diameter wires, then nonciyogenically generated nitrogen may be used directly. Field experience 
suggests that oxygen levels as high as 3% can be tolerated in such processes. For processes where the 
exposure is longer, for example the induction annealing of copper tube, correspondingly lower oxygen 
levels can be used without visible oxidation. Simple experiments heating small samples of tube in 
nitrogen atmospheres containing various concentrations of oxygen gave the results shown in Figure 5 as 
the maximum tolerable oxygen concentration.
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Figure 5. The maximum oxygen concentration for no visible oxidation of copper at 800°C.

Discussion and Conclusions

It has been shown that the atmosphere within the furnace is one of the factors affecting the surface 
quality of the product Although the purity of the incoming gases is one contributor to the atmosphere 
composition others such as quench oil and salt evaporating from quench tanks, lubricants introduced on 
the work and the inevitable furnace leaks all play their part The overriding factor is usually one of cost 
In this context it must be borne in mind that lower purity may not always be synonymous with lower 
cost.

In seeking the lowest cost solution it is first essential to define the surface quality required Aiming 
higher than that quality will undoubtedly lead to a higher cost solution. The quality required of the 
surface will, as has been shown, define the purity of the atmosphere needed to achieve it All the factors 
affecting the atmosphere purity must then be considered The lowest cost solution may indeed involve 
making the best out of a low purity input atmosphere gas, but conversely it may involve using more of a 
high purity gas. For example, if improved quality is required, it may cost less to increase the atmosphere 
gas flow to keep air out than to purchase a new furnace that can achieve the required purity at lower 
flow. Indeed, improvements in surface quality have often been achieved at minimal cost by merely 
changing the processing lubricant for one that gives lower residues after heat treatment or by 
redistributing the atmosphere within the furnace to reduce quench oil migration into the hot zone.

We have seen that although a simple table of the input atmosphere gas purity required by a given 
application could be constructed the final optimum solution needs to take many more factors into 
account BOC Gases’ controlled atmospheres specialists have the knowledge and experience to help 
their customers achieve the most effective solution for their operation.
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The automotive industry manufactures the 

most complex mass produced engineering 

product in the world and takes advantage of 

a huge range of heat treatment processes to 

meet its performance demands at minimum 

cost. Probably all of the thousands of 

components that go to make up a modern 

vehicle are heat treated at some stage of 

their manufacture and it has been estimated 

that some 5% of the cost of a vehicle is heat 

treatment(1). The vast majority of those heat 

treatments are carried out in a controlled 

atmosphere either to protect the 

component or to change its surface 

chemistry.



Introduction

Hardening and tempering

The heat treatments involved in preparing the metal for the needs of the 
component manufacturer have been described elsewhere^. This brochure 

addresses the processes used by the component manufacturer which may be 
divided into five main areas;

■ hardening and tempering
■ thermochemical treatments
■ sintering
■ brazing
■ soldering (not covered here)

Hardening and tempering are usually used to improve the wear resistance, strength 
and/or toughness of medium to high carbon steels. Typical applications include 
hardening and low temperature (150-200°C (300- 390°F)) tempering of 
1 %carbon/1%chrome bearing steels in wheel bearings; hardening and moderate 
temperature (350-550°C (660-1020DF)) tempering of 0.7% carbon steel for spring 
clips; and hardening and high temperature (550-650°C (1020-1200°F)) tempering of 

medium carbon, low alloy steels for stub axles.

In all cases the hardening atmosphere must not only be reducing to iron, but also 
non-decarburising. Such an atmosphere cannot be produced using the 
nitrogen/hydrogen atmospheres typically used for annealing. However, if small 
quantities of hydrocarbon are substituted for the hydrogen, a reducing, non- 
decarburising atmosphere is produced. The hydrocarbon may be either methane, 
propane or propylene depending upon availability, treatment temperature and furnace 
type. Methane, which is suitable for most applications, cracks slowly in the furnace to 
form graphite carbon and hydrogen^:

CH4 Cg + 2HZ [1]

IMitrogen/hydrocarbon mixtures, although not as reducing as a nitrogen/hydrogen 
atmosphere, are sufficiently reducing in furnaces with a low leak rate to keep steel 
bright. Because the cracking reaction is slow, the hydrocarbon:hydrogen ratio is high 

and the atmosphere has a very high carbon potential.

Carbon potential = K p(CH4) [2]
P(H2)

Where K is the equilibrium constant and p the partial pressure.
The percentage of methane needed depends on the furnace design, the product being 
treated and the process but, for most treatments, 1-5% methane (or 0.1-1% 
propane/propylene) is sufficient. The carbon availability is therefore very low. This 

effect is magnified by the fact that when hydrocarbons crack on the metal surface, 
carbon tends to form as graphite, unlike the usual carburising/decarburising reaction 
from carbon monoxide, where the carbon is adsorbed onto the surface. It is 
thermodynamically difficult to get graphite to first adsorb then diffuse into the steel. 
The combination of a very high carbon potential with a very low carbon availability 

renders the atmosphere effectively neutral to any type of steel.

A common heat treatment problem that can be solved using this nitrogen/ 
hydrocarbon gas mixture is that of the variable surface carbon component. This 

normally occurs when machining is carried out after carburising and generally 
requires the use of expensive stop-off compounds or copper plating if an active 
atmosphere such as endothermic gas is to be employed during heat treatment. The 

nitrogen/hydrocarbon atmosphere is effectively neutral to all carbon levels and there 
is no surface carbon pick up or carbon loss. Another useful application of this type of 
atmosphere is for hardening loads of mixed components with a range of carbon 

contents.



Nitrogen/hydrocarbon atmospheres have been widely adopted for the treatment of 
steels, particularly those where surface carbon control is required and no slow 
cooling is involved, for example hardening using an oil quench or austempering. 
However, the advantage of the system - its low reaction rate - can also be its 
disadvantage. It cannot be used where significant contamination by oxidants could 
occur, for example with a water or polymer quench, or in an excessively leaky 
furnace. It also cannot be used where rapid furnace conditioning is required between 

loads, as in a straight through type, sealed quench furnace where there is direct 
access to the hot chamber for loading.

Decarburising control
A typical application is the use of nitrogen with 4% natural gas for hardening at 
850°C. Increasing furnace leak rate leads to an increasing decarburising potential:

CH4 + 202-*C02 + 2H20 [3]
CFe + C02^ 2CO [4]

Carbon potential = K x p(CO)2 [5]
P(C02)

Figure 1 shows the effect of this increasing decarburising potential on a low alloy steel 
exposed to the furnace atmosphere for two hours at 850°C (1560°F)(4). The 

decarburisation curves indicate that the process is controlled by the surface reactions 
[3] and [4] rather than by diffusion, at least at low leak rates. When the oxygen 

potential decreases below the level required to oxidise iron, decarburisation can be 
reduced dramatically as the tenacious oxide layer formed acts as a diffusion barrier. 
The onset of oxidation is the limiting factor in many applications where the degree of 
decarburisation is not significant, but where the work must be oxide-free. At normal 
hardening or annealing temperatures, the methane reacts out the oxygen, but below 
about 650°C (1200°F) reactions [1] and [3] do not occur to any significant degree 

during the residence times associated with most types of furnace. The atmosphere 
therefore acts almost as nitrogen alone, and oxidation occurs due to the presence of 
small quantities of free oxygen.

Figure 1. The effect of oxygen concentration in 

nitrogen on decarburisation of SAE 8620 in a 
mtrogen/4% natural gas atmosphere 

at 850°C (1560°F)



Where nitrogen/hydrocarbon is the most effective solution, but the furnace is not 
sufficiently tight to allow oxide free cooling, it may be possible to add a small quantity 
of hydrogen to the cooling zone to achieve the desired results. Because of this 
vulnerability of nitrogen/hydrocarbon atmospheres to oxygen a high purity nitrogen 
source must be used. This can be derived either from delivered liquid nitrogen or by 
deoxygenation of noncryogenically generated nitrogen (see below).

Another significant drawback of this type of atmosphere is its propensity to form 
soot on cracking. The small volumes involved mean that there is no problem in many 
operations, but in electrically heated, open element furnaces there is a tendency for 
soot to form on the elements over an extended period, eventually leading to shorting 
and element failure. The effect can be minimised by keeping the hydrocarbon addition 
small or by burning off any soot formed during non-productive periods. Care must 
also be taken to ensure that other sources of hydrocarbons, for example pressing oil 
on the work or oil quench fume, are minimised.

Nitrogen/methanol atmospheres provide many of the answers to the problems 
associated with nitrogen/hydrocarbon systems®. The atmosphere can be provided 
with a high proportion of active components and is thus much less susceptible to 
leaks. Hydrocarbon and oxidant additions can be used to control the carbon potential 
and, at suitable active constituent levels, can therefore be used for carburising, 
decarburising or neutral hardening as desired and there is little tendency to deposit 
soot.

Methanol, when introduced into a furnace at above 750°C (1380°F), cracks to give 
carbon monoxide and hydrogen in the ratio 1:2,

CH3OH-^CO + 2HZ [6]

Care must be taken when injecting the methanol, particularly at low temperatures, to 
ensure rapid cracking so that lower temperature side reactions producing soot, 
carbon dioxide and water are avoided®.

Thermochemical treatments Thermochemical treatments for steel are all based on the diffusion of carbon and/or

nitrogen into the surface layers of finished or almost finished components to produce 
the desired properties. The source of the carbon is, for most treatments, a gaseous 
hydrocarbon. However, the mechanism for the transfer of the carbon to the steel 
surface varies between treatment techniques. The most common and the most 
effective at temperatures below 1000°C (1830°F) is via carbon monoxide and 
hydrogen. The reaction sequence is complex® but is summarised in equations 
[7] and [8],

CO + H2 <=> Ca + H20 [7]

H20 + CH4 <=> CO + 3H2 [8]

Where Ca is the carbon absorbed.
For efficient production, the carbon monoxide level must exceed 15%®.

Above 1000°C (1830°F) the transfer may be via carbon monoxide or directly from 
the breakdown of the hydrocarbon. Such treatments are little used due to the effect 
of the processing temperature on the core of the carburised component and the 
propensity of the processes to produce soot.

Not only is it a requirement to introduce carbon to the surface but, for some 
treatments, to remove it. Equation [7] may also be used for this purpose by an 
addition of water vapour. Care must be taken to ensure that sufficient reducing 
species are present to ensure that the total atmosphere system is reducing to the 
substrate.



If nitrogen is to be absorbed by the metal to be treated it must be in the nascent 
form. For most purposes nitrogen gas can be considered as inert and an alternative 
source of nitrogen must be sought. (The exceptions to this rule are given in the 
nitriding section below.) By far the commonest source of nascent nitrogen is the 
breakdown of ammonia. At elevated temperature the hydrogen is progressively 
stripped from the nitrogen atom which is eventually left nascent. This is summarised 
in equation [9]. If not adsorbed by the metal, it rapidly combines with another atom 
to form a nitrogen molecule.

[9]2NH3 <=> 2’N' + 3H2

This reaction may also be used in reverse to remove nitrogen from the surface.

Carburised layers
Carburising, in which carbon only is diffused into the surface, is usually applied to low 
carbon, low alloy steels to produce a combination of a thick wear resistant surface 
layer on a softer, tougher core as in the typical gear shown in Figure 2. Care must be 
taken that the layer is not too thick if the benefit of the tough core is not to be lost 
in thin sections. Cases up to 3mm thick are possible with surface hardnesses of up to 
900HV as quenched. Tempering in the range 150o-350°C (300-660°F) is often used to 

increase case toughness and fatigue strength at the cost of reduced surface hardness 
and wear resistance.

Figure 2. Small gear carburised and quenched 
for wear resistance

Standard practice in carburising low alloy steels is to diffuse into the component 
sufficient carbon to produce the highest possible hardness at the surface. Fatigue 
strength can be improved by reducing the surface carbon slightly below optimum. 
Resistance to sliding wear can be increased by increasing the surface carbon, then 
transforming the resultant retained austenite to martensite using sub-zero 
treatment^. If resistance to abrasive wear is required then the surface carbon can be 

raised further and the component quenched from a lower temperature to produce a 
network of hard but brittle iron carbide at the surface. The network is then 
spheroidised and rehardened by a subsequent reheat and quench to produce a layer 
of wear resistant iron carbide in a martensite matrix*9*.

Carbonithded layers
In carbonitriding some nitrogen is diffused into the surface along with the carbon.
The additional hardenability provided by the nitrogen means that it is possible to 
create hard surface layers on mild steels that would not respond to carburising alone. 
Standard practice is to diffuse sufficient carbon and nitrogen to produce the optimum



hardness at the surface. Although it is possible to create the variations outlined above 
for carburising, it is rarely done as the core strength available is usually insufficient for 
highly stressed components. These restricted applications mean that case depths are 
generally less than 1mm.

Austenitic nitrocarburised layers
Both austenitic and ferritic (see below) nitrocarburised layers are characterised by the 
formation of a thin (10 to 30 micron) epsilon iron nitride surface layer as shown in 
Figure 3. This layer has some properties of great interest to the surface engineer:

■ Exceedingly high resistance to wear, scuffing and seizure.
■ Excellent corrosion resistance to the extent that some applications use the process 

solely for resistance to corrosion.
■ Good lubrication retention properties. The compound layer can be engineered to 

contain a certain level of microporosity which serves to hold the lubricant.
■ An improvement in fatigue properties dependent upon the material composition.

Figure 3. Ferritic nitrocarburised mild steel exhibiting an 

epsilon iron carbide surface layer

In addition the layer can be oxidised in a controlled manner to produce an attractive 
matt black finish with further improvements in corrosion resistance (Figure 4). As 
well as interior applications this finish has been used for exterior components such as 
windscreen wiper arms*10*. It has been shown that the corrosion resistance of a 

gaseous nitrocarburised surface with post-oxidation under most conditions is better 
than a phosphated and oiled surface or a zinc plated surface, but inferior to a 
passivated cadmium plated surface. This post-treatment does, however, reduce the 
fatigue resistance.

Figure 4. A grey cast iron cylinder 

head ferritically nitrocarburised primarily to 

maease the fatigue strength with post-oxidation 

to improve lubrication during service



In austenitic nitrocarburising the proportion of nitrogen diffused into the surface is 
further increased from that in carbonitriding. A high nitrogen diffusion layer (0.1mm 
after a typical three hour treatment) is formed beyond the compound layer. After 

quenching, this layer consists entirely of retained austenite which must be 
transformed either by sub-zero treatment or tempering. The sub-zero treated layer 
has maximum hardness (800HV) and wear resistance while the tempered layer is 
tougher (650HV). The treatment is usually applied to mild steels where the relatively 
thick diffusion layer acts to support the thin compound layer during service.

Ferritic nitrocarburised layers
The epsilon compound layers formed in ferritic nitrocarburising, which can be formed 
in the absence of any diffused carbon, have the same properties as those in the 
austenitic treatment except that they tend to be at the thinner end of the thickness 
range. The properties of the diffusion layer (0.2mm after a typical three hour 
treatment) vary with the material treated. For mild steel there is some marginal 
hardening of the ferrite by the diffused nitrogen. If, however, the material to be 
treated contains nitride formers such as aluminium, chromium, molybdenum and 
vanadium, nitrides are formed in the diffusion zone giving rise to hardnesses of up to 
1000HV. In addition to increased wear resistance the treatment can increase the 
fatigue properties of such materials by 40%.

The treatment can also be applied to aluminium and titanium alloys where the surface 
nitride layer formed produces good wear resistance. However, in neither case is any 

significant back-up diffusion zone formed.

As alternatives to the generic or patented nitrocarburising treatments, BOC Gases 
offers a range of processes optimised for wear and corrosion resistance. These 
treatments give improved properties compared with the generic alternatives and 
are approved or specified by many major automotive component manufacturers.

Nitrided layers
In nitriding only nitrogen is diffused into the substrate. The process relies on the 
presence of nitride formers in the substrate for its hardening effect but can achieve 
surface hardnesses in excess of 1000HV. If the nitrogen potential is too high, a layer 
of brittle alpha iron nitride is formed on the surface which must be removed prior to 
service. However, modern control techniques are able eliminate this problem. After a 
typical 60 hour treatment a layer depth of 0.75mm is achieved. A typical application 

for this process is high performance crankshafts.

Because of its high reactivity it is possible to nitride titanium in molecular nitrogen. It 

is also possible to nitride stainless steel in molecular nitrogen at high temperatures 
where there is sufficient energy to break the N-N bond. Such nitriding is usually an 
unwanted side effect produced during annealing as it tends to form chromium 
carbides at the grain boundaries, reducing the corrosion resistance. However, when 
carried out at sub-atmospheric pressures, to control the nitrogen potential it is 
possible to produce a hard surface layer with no detriment to the corrosion 
properties of the stainless steel*11).

Distortion
The treatments outlined above are in descending order of treatment temperature 
from a typical 925°C (1700°F) for carburising to 500°C (930°F) for nitriding. As 

distortion tends to increase with increasing treatment temperature, the higher 
temperature treatments should be avoided when low distortion is required. The 

ferritic treatments are particularly suitable for low distortion treatments as they rely 
on nitride formation for their hardening effect and therefore the additional distortion 

engendered by quenching can be avoided.



Atmosphere systems
For those treatments where carbon transfer is required the necessary carbon 
monoxide is most consistently provided by the thermal cracking of methanol as 
described in the hardening and tempering section. Forty or fifty percent nitrogen is 
added to the cracked methanol as a carrier gas. This not only reduces the overall 
cost and flammability of the atmosphere but also minimises the carbon monoxide 
level and hence any tendency to internal oxidation. Further additions of hydrocarbon 
(usually natural gas or propane) are made to increase the carbon potential of this 
base mixture above 0.4% or an oxidant (usually air or water vapour) to reduce it. 
Ammonia is added to provide the nitrogen source as necessary (typically 5% for 
carbonitriding and 20% for austenitic nitrocarburising).

Ferritic nitrocarburising and nitriding do not require carbon transfer and use 
ammonia alone. Ferritic nitrocarburising, however, requires control of the nitrogen 
potential and the addition of an oxidant to promote the formation of the epsilon iron 
nitride layer. Nitrogen (-40%) is added as a diluent to control the nitrogen potential 
and, typically, carbon dioxide (5%) as the oxidant. Nitriding atmospheres can use 
either nitrogen or hydrogen to control the nitrogen potential.

All the atmospheres used for these processes are flammable and some are operated 
below their self ignition temperature. As with all furnace atmospheres, it is important 
that all the necessary measures are taken to ensure that the atmosphere equipment 
supplies that atmosphere in a safe manner and that the furnace operators ensure 
their own safety and that of others(12^.



Historically, pure nitrogen from a cryogenic nitrogen generator delivered to site as a 
liquid and stored in a vacuum insulated vessel from which it was evaporated before 
use would typically have been used as the carrier and purge gas for these 
thermochemical treatments. More recently, it has been shown that, because of the 
inherently high reactivity of the atmospheres used for these treatments, lower purity 
noncryogenic nitrogen generated on-site can be used, often at lower cost, without 
detriment to the process(13,14). The use of this source of nitrogen not only minimises 

operating costs but also gives the furnace operator full control over all the 
atmosphere components.

The details of the operation of PSA nitrogen generators (Figure 5) have been 
described elsewhere(15). The basic principle is very simple. Clean dry compressed air 

is passed into a bed of molecular sieve which adsorbs the oxygen, allowing the 
nitrogen to pass on to the process. When the bed is saturated, the pressure is 
released and the oxygen vented to atmosphere. Two beds, one producing nitrogen 

while the other is venting, provide a continuous supply.

In the membrane technique the compressed air passes down a hairsized, hollow fibre, 
the wall of which contains a semi-permeable membrane. Oxygen diffuses through the 
membrane faster than nitrogen so the nitrogen is concentrated and passes on to the 
process while the oxygen rich waste gas is vented. In a production unit, millions of 
fibres are packed parallel to a central core and inserted into an outer case to form an 
air separation module (Figure 6).

The separation is not 100% efficient and some oxygen remains in the process stream 
(Table 1). In the majority of heat treatment atmosphere applications, for both 
economic and safety reasons, the residual oxygen level is maintained at less than 1%.



Table 1. Product gas analysis from a BOC Gases 
noncryogemc nitrogen generator

Oxygen 3% to 0.05%
Moisture Dew points -70°C (-94° F) or <2 vpm H20

Carbon dioxide <0.2 vpm
Hydrocarbons Not detected
Nitrogen (with »0.8% argon) Balance

Sintering Sintering is an important process for the automotive industry and is used to produce 
a wide range of components from metal powder. It is used to produce small, 
sometimes complex, components more cheaply than they can be produced by 
conventional forming technologies. The particles of metal powder are bonded 
together at high temperature, but below the melting point of the particles.

The steps in the process are:
■ The blending of metal powder with graphite and a small amount of solid 

lubricant powder.
■ Compacting the powder mixture under high pressure in a shaped die which results 

in a compact which is shaped like the final product. This is called a green 
compact'. It has sufficient strength to be handled, but can easily be broken by hand.

■ Sintering the component in a mesh belt furnace at approximately 1120°C (2050°F) 
to bond the particles together to form a homogeneous structure.

■ The finished component has uniform properties, fine grain structure and chemical 
homogeneity. The density can be close to the theoretical density of steel.

Each section or zone of the mesh belt sintering furnace performs a specific 
metallurgical or chemical functionIn the front portion of the furnace, or dewax 
zone, the key function is to burn out the lubricant. This requires an oxidising 
atmosphere and relatively low temperature - about 540-650°C (1000-1200°F). A 
little later the oxides, which exist naturally on the surface of every metal particle, 
need to be reduced. This requires a highly reducing atmosphere; in the temperature 
range 650-870°C (1200-1600°F) for iron and steel parts. In the subsequent section 
carbon diffuses into the iron matrix in an atmosphere conducive to this diffusion 
process, at a temperature range of about 815-980°C (1500-1800°F). As soon as the 
part temperature reaches about 1083oC (1980°F), any admixed or infiltrant copper 
melts, wets and coats iron particles already free of admixed lubricants, oxides and 
admixed graphite. As the part is heated to its peak temperature, typically 1120°C 
(2050°F), the bond between particles further increases. A reducing atmosphere 
ensures a sound weld, bond, or braze between the particles and consequently greater 
strength. Finally, the part is cooled, initially slowly to restore carbon and control 
pearlitic microstructure and later more rapidly, to close to room temperature. During 
cooling, a neutral or only very slightly reducing atmosphere is more than adequate.

A specific atmosphere composition in each zone of the furnace is needed to optimise 
the chemical function in that zone. This leads to use of an atmosphere system which 
allows the production of different atmosphere compositions for different parts of the 
furnace.



Figure 7. The BOC Nitrazone system
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This BOC Nitrazone system*1® is shown schematically in Figure 7 in its most typical 

form. It combines the zoning concept with an industrial gas-based, rather than 
generated, atmosphere system. Typically, it delivers three different compositions 
(occasionally more than three) to different parts of the furnace: "wet" or humidified 
nitrogen to the dewax zone; nitrogen with hydrogen or hydrogen-containing gas to 
the middle, or end, of the hot zone; and pure dry nitrogen, derived either from 
delivered liquid nitrogen or from nitrogen generated on-site by deoxygenation of 
noncryogenically generated nitrogen, to the water-cooled zone. These three gas 
mixtures are introduced through specially designed injectors to ensure effective 
distribution of the various gas components and to control the direction of flow within 
the furnace.

Typically, 75 to 80% of the total flow of atmosphere exits from the front end of the 
furnace. There is a well designed curtain system at the back end of the furnace. 
Generally, there is a flame curtain at the front. A combination of the Nitrazone curtain 
and injector system technologies allows a 15 to 25% reduction in atmosphere flow 
compared with the conventional endothermically generated atmosphere system.

As a result atmosphere composition varies from one end of the furnace to the other; 
a typical example is shown in figure 8. In this example, there is a water vapour (or 
dew point) peak in the front section for more effective dewaxing (or delubing), a 
hydrogen peak (with low dew point) in the next zone for reduction of oxides, a 
methane peak at the end of the hot zone for fine tuning of surface carbon and a 
nitrogen peak, where all active ingredients such as water, hydrogen, and methane are 
almost zero, at the exit of the furnace. For a given total flow of atmosphere into the 
furnace, the net forward velocity of the atmosphere in the zoned system is greater 
than in a conventional system.



For sintering steel parts, the proportions of combustibles, such as hydrogen, and of 
toxic ingredients such as carbon monoxide, are much lower than with 
endothermically generated gas. Their proportions are no more than the absolute 
minimum required for the process. For special materials, for example stainless steel 
or high quality magnetic parts, very high concentrations of hydrogen may be 
required in the high-heat section. This can be achieved by introducing 100% hydrogen 
via the middle injector. The zoned system is highly flexible, allowing anything from 
very low levels of hydrogen for steel parts to levels as high as 100% in the middle for 
stainless steel.

These and other features of the Nitrazone system improve the quality of the product 
and keep properties within relatively narrow limits. The system's flexibility permits 
sintering a wider range of materials, assuming the hydrogen source is either 
dissociated ammonia or pure hydrogen. Safety is improved by lowering combustibles 
and by eliminating toxic carbon monoxide. Higher temperature can be used to sinter 
carbon steels without fear of surface decarburisation (higher temperatures, of course, 
require an appropriate furnace). And finally, economy is improved relative to 
generated atmosphere systems through reduced gas flows and reduced maintenance 
of atmosphere equipment and furnace components.

As we have seen, the Nitrazone system is better than the conventional 
endothermically generated atmosphere system as far as quality, flexibility and safety 
are concerned. It does not, however, provide any significant improvement over the 
conventional system as far as productivity, delubing efficiency and occasional part 
discoloration are concerned. In around 80% of cases studied using either conventional 
or zoned systems, delubing was identified as the bottleneck preventing increased 
productivity. Furthermore, the zoned atmosphere may not be absolutely stable, 
especially in relatively draughty plants.(19)

Laboratory experiments and observations of actual zoned system operations have 
established that the following features should be added to the zoned system to 
improve productivity and control:

■ A pre-pre-heat zone with exo-like atmosphere with controlled temperature and 
good circulation. Its key objective is to complete 80-90% of the delubing process.



■ Pre-heat zone with at least two temperature control zones and "wet” nitrogen 
introduced into the first half of the section. This wet nitrogen can be generated by 
reacting the oxygen in noncryogenically generated nitrogen with hydrogen. The 

second half of the zone must have the heat capacity to bring the part temperature 
up to about 1040°C (1900°F)-

■ Atmosphere circulation throughout the length of the furnace, if possible. This 
increases the heat transfer during the heat-up and cool-down portions of the cycle, 
provides more uniform temperature from the centre to the edge of the belt or 
pusher tray, increases reaction kinetics in the different heated sections and avoids 

stagnation of the reaction products in the furnace.
■ A double curtain system at the exit end using dry pure nitrogen between curtains. 

Means should be provided to increase or decrease nitrogen flow depending upon 
the tendency of air to ingress into the furnace from the exit end as a result of 
ambient pressure variations. This will make the zoned atmosphere more stable and 

less sensitive to plant draughts.
■ The conventional insulated slow-cool section can be eliminated.
■ Water temperature control at the beginning of the first water cooled section. This 

controls the initial cooling rate and, in turn, the pearlitic microstructure.
■ It is desirable that the entire length of the furnace be muffled and all flanges be 

welded in order to ensure a high-integrity zoned and stabilised atmosphere. In 
addition, this ensures a relatively high atmosphere velocity moving toward the front 
end of the furnace which provides better flushing action.

■ The relative lengths of the various sections are adjusted to provide optimum time 

in each critical zone. Thus, no zone becomes a bottleneck.

The zoned system with most of the features described above becomes an enhanced
type of Nitrazone known as the Super-Zone system, which is shown schematically in

Figure 9.
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The system allows the identification, quantification and optimisation of such key 
variables as temperature, time and atmosphere composition for each zone. The 
Super-Zone system allows expansion of the list of key variables to include atmosphere 
circulation, direction and velocity. Most important, it allows stabilisation of the 
atmosphere-related variables in each zone. It improves the production rate and 
control of the process significantly. It further improves quality, flexibility and safety, 
even beyond the Nitrazone system. The Super-Zone system is particularly desirable in 
plants that need to increase production rates; produce heavier, denser and more 
complex parts; and need to reduce variations in properties.

As a further step the Super-Zone system can be computerised so that variables such 
as the belt speed, temperatures and key atmosphere indicators such as carbon 
potential, hydrogen/water ratio, water and oxygen are monitored, stored and 
automatically readjusted to some pre-set values through a computer. "Recipes" of 
optimised conditions for individual components can then be recalled at will. 
Furthermore, process details are readily recorded and archived for analysis or 
comparison at any time. The trend toward the use of increasing numbers of control 
instruments and sensors in conjunction with the computer facilitates this process.

Furnace brazing Brazing is the joining of one or more parent metals by bonding with a braze alloy that 
melts at a lower temperature than the parent metals. The parent metals themselves 
do not melt during the process. The most commonly encountered furnace brazing 
systems are copper brazing of mild steel and brazing of braze alloy clad aluminium 
sheet. Brazing of stainless steel components is also becoming increasingly popular.

Brazing in a protective atmosphere is usually performed in a mesh belt furnace. Many 
of the higher temperature and larger assemblies are treated in a vacuum furnace. The 
brazing temperature is between the melting point of the braze alloy and the melting 
point of the parent metal. Typically the brazing temperature would be 50°C (90°?) 
above the braze alloy melting point - approximately 1130°C (2065DF) for a copper- 
brazed joint.

The basic function of the atmosphere in furnace brazing is to protect both the parent 
metal and the filler from oxidation. To achieve this the oxygen partial pressure of the 
atmosphere must be less than that necessary to form the oxide. In atmospheric 
pressure systems the oxygen level can be reduced by simple flushing with an inert gas 
such as nitrogen. Indeed this simple technique will reduce the oxygen level below that 
required to oxidise silver. However even high purity nitrogen contains one or two 
parts per million of oxygen, and furnace leaks are inevitable. Therefore, to reduce the 
oxygen further, it is reacted with an active gas such as hydrogen.

v2o2 + h2^h2o [10]

Thus the oxygen partial pressure is related to the ratio. The oxidation
boundaries in terms of H2:H20 ratio are shown in Figure 10. The higher the ratio the 
more reducing the atmosphere so if the atmosphere composition is above the line 
the oxide would be reduced and below the line the metal oxidised. It is the 
component of the system that requires the most reducing atmosphere which is the 
critical element. However, for most practical purposes, elements with concentrations 
below 1 % can be ignored as they do not form continuous oxide films.



To produce a fluxing action, the atmosphere must be reducing and the kinetics must 
be favourable. This is to some extent controlled by how reducing the atmosphere is 
to the oxide but other factors such as oxide morphology and brazing time and 
temperature also play a role.

As well as protecting the parent metal and the filler and/or reducing the oxides 
already present, the brazing atmosphere has some secondary roles. The first of these 
is to ensure that the assembly leaves the furnace in the same oxide free condition as 
was achieved for the braze. As can be seen from Figure 10, for many materials the 
H2;H20 ratio required to keep the assembly bright rises as the temperature falls, 
making the cooling zone the most critical part of a continuous furnace.

Second, if the furnace atmosphere is flammable and allowed to burn off at the exit, 
oxidation of assemblies can occur as they pass through the flame front. Such 
problems are best avoided, either by using a non-flammable atmosphere or ensuring 
that any flammable component is diluted below the flammable limit before the exit.

The third additional role of the atmosphere is to remove unwanted binders from a 
furnace where braze pastes are used. This can be achieved either by physical flushing 
or by reacting the binder with a component of the atmosphere. To use reactive 
binder removal it is usually necessary to restrict the active atmosphere component to 
the entry areas as they are deleterious to the components at the brazing 
temperature.

These differing requirements, together with the need to minimise the total quantity of 
atmosphere gas used, and hence minimise cost, are best achieved using BOC's 
patented Nitrazone techno logy(20).

Stainless steel/nickel
Nickel brazing of stainless steel, for example fuel rails, is carried out at temperatures 
in the range 930-1200°C (1705-2190°F) depending upon the nickel alloy used. The 
critical metal with regard to the atmosphere requirements is chromium. From 
Figure 10 it can be seen that at 1000°C (1830°F) even using 100% hydrogen, a dew 
point of -37°C (-35°F) is required to prevent oxidation of chromium. However, 
experience has shown that to produce good joints, dew points better than -50°C 
(-58°F) are required in practice to reduce the small amounts of chromium oxides 
present in the time available(21).



To achieve such low dew points the furnace must be leak free. Until recently it was 
considered that the best way to meet this requirement was to use a so-called 
humpback furnace which has a metal muffle, shown in Figure 11. However, it has now 
been shown that it is possible to achieve excellent results in a flat bed, metal muffle 
furnace by the application of BOC s Nitrazone technology.

Figure 11. A humpback furnace fitted k____________ A
wtli AJitrj/orv barneis

Nitrazone allows the use of 100% hydrogen in the hot zone of the furnace but with a 
non-flammable gas mixture at the furnace entry and exit. The majority of this 
hydrogen is burnt off at a separate vent even in the flat bed design. As the gases at 
the entry and exit are non-flammable, curtains can be employed to reduce the flow 
rate required to maintain a positive pressure within the furnace. If, however, there is a 
need to burn off a paste binder or the presence of physical curtains would damage 
the green assembly, then they may be omitted but at the cost of increased 
atmosphere usage.

Steel/copper
Copper brazing of steel is common in the automotive industry for the production of 
items ranging from fuel pumps to seat mounts. For mild steels or for components 
where surface decarburisation of the steel is not significant the low position of both 
iron and copper in Figure 10 means that it is easy to produce a good braze. All that is 
usually required is an atmosphere of nitrogen containing a few percent hydrogen (less 
than 4% is normally employed as such mixtures are non-flammable and hence 
relatively safe(12)).

In fact it is so easy to maintain reducing conditions that fluxing may become excessive, 
resulting in copper covering the entire component. To control this effect, it is possible 
to add a small quantity of water vapour to diminish the reducing potential of the 
atmosphere and retain the copper in the vicinity of the joint. However, it is often 
necessary to control the surface carbon of the assembly to be brazed and prevent 
decarburisation. There are two possible atmosphere systems through which this can 
be achieved, both of which need care in application.

The first is the nitrogen/methanol system as described above for thermochemical 
treatments. The Nitramix nitrogen/methanol atmosphere system allows complete 
control of carbon potential but unfortunately the presence of copper catalyses a side 
reaction in the cracking of methanol which normally produces hydrogen and carbon 
monoxide. The side reaction, although minor, forms formaldehyde, a highly toxic gas. 
If, therefore, this system is to be employed, great care must be taken that all effluent 
gases from the furnace are combusted to destroy the formaldehyde.



The second is nitrogen/natura! gas, again with less than 4% additions to create a non
flammable mixture as described in the hardening section. Such atmospheres have a 
high carbon potential with a low carbon availability, resulting in neither carburisation 
nor decarburisation*2^. This system is, however, very sensitive to air ingress from 
furnace leaks, which lead to water vapour formation and hence to decarburisation. 
The presence of both nickel and copper can catalyse the decomposition of natural 
gas. The carbon thus formed can cause shorting of furnace heating elements and soot 
deposition on components. These decomposition effects can be minimised by keeping 
the hydrocarbon addition as low as possible and, where appropriate, substituting 

propane for natural gas.

Aluminium/aluminium alloy
Aluminium brazing, which is usually carried out at around 595°C (1100oF), is used 

extensively within the automotive industry for the production of heat exchangers.
The H2:H20 ratio required to reduce alumina at this temperature is not practically 
achievable at atmospheric pressure with commercially available materials and it is 

therefore necessary to use a flux. Most fluxes for aluminium are corrosive at room 
temperature and need to be removed from the finished assembly. However the 
Nocolok system developed by Alcan uses a non-corrosive flux based on aluminium 

fluoride.
The action of the Nocolok flux is dependent on the absence of oxygen at the braze. 
Oxygen levels must be maintained at less than 1000 ppm if good brazes and bright 
parent metals are to result. These levels can be achieved easily in a muffle furnace 
fitted with Nitrazone barriers to reduce air ingress. Such barriers also reduce the 
overall nitrogen flow rate required. To further reduce the flow rate needed the BOC 

Gases' JVitrapifot system can be employed. The use of this computer controlled 
dynamic control system can further reduce flows by 30%(23\

Any attempt to use a hydrogen addition to the nitrogen to improve the situation 
would be counter-productive as aluminium is much more sensitive to oxidation by 
water vapour than by oxygen. The use of nitrogen alone allows the furnace dew 
point to be kept very low, at least -40°C (-40°F), as commercially available nitrogen 
from a liquid source typically has a dewpoint of -70°C (-95°F). For larger demands 
BOC's on-site nitrogen generator (figure 12) would be an appropriate means of 

supply.



Figure 12. A BOC Gases Miav-LN 
on-site nitrogen generator

Copper/silver alloy or copper/copper-phosphorus alloy
These systems are also important for the production of heat exchangers. Copper, the 

silver-based and copper-phosphorus-based brazing alloys all have very easily reducible 
oxides, silver so much so that it is off the bottom of Figure 10. Almost any form of 
protection will suffice as long as free oxygen is excluded. It is even theoretically 
possible to carry out the operation in steam.

This tolerance for the presence of water vapour allows the use of a cheaper 
alternative atmosphere system based on low purity nitrogen produced on site using a 
noncryogenic nitrogen generator. The system, which was developed for annealing 
copper, uses noncryogenically generated nitrogen, which contains up to 0.5% oxygen, 
mixed with a small proportion of hydrogen*24*. The hydrogen reacts with the residual 

oxygen in the furnace hot chamber to produce a mixture containing up to1% water 
vapour, which is not oxidising to the copper/silver brazement.

This atmosphere system is also able to support the BOC Nitrabraze process in which 
the first part of the hot zone contains only noncryogenically generated nitrogen, as 
shown in Figure 13, which oxidises the part. When the part is reduced in the second 
part of the furnace it produces a highly active surface which allows the braze alloy to 
flow more freely, increasing the distance of capillary travel and its ability to fill gaps*25*.



Figure 13. The atmosphere profile in a Nirabraze furnace

Conclusions BOC Gases has a range of atmosphere technologies and supply options to meet the 
needs of all the processes used in the automotive industry. These technologies ensure 
that a high quality product is produced consistently and reproducibly at minimum cost 
while maintaining the highest levels of reliability. This, backed up by BOC's team of 
dedicated atmospheres specialists, ensures that the correct supply option and 
technology are applied to BOC's customer processes to provide an optimum 
combination to meet their needs.
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Controlled atmospheres for heat treatment

by P F Stratton - BOC Gases

Controlled atmospheres for heat treatment probably originated with the blacksmith’s forge and 
progressed through in situ, semi-protective atmospheres from open burners and controlled combustion 
systems outside the furnace to today’s nitrogen based systems. It is not possible or desirable to cover all 
aspects of the subject so only die most common applications and the associated atmospheres available 
today are addressed

Furnace atmospheres are used in a wide range of metallurgical heat treatment processes. These 
atmospheres may be inert, or they may react with die metal surface to change its properties in a 
controlled manner. They may be requir ed simply to maintain die chemical state of die surface so drat its 
condition stays the same as when it entered the furnace - for example, the use of an atmosphere to 
protect die surface from oxidation

Beyond diis simple function furnace atmospheres can be used to change die chemical state of the 
surface, such as reducing an oxidised surface or adding carbon to the surface layers of steels. They may 
also react witii unwanted residues in the furnace. An example of this is the breakdown of vaporised 
lubricant in die preheat step of die sintering process. They sweep unwanted residues out of the furnace, 
such as diose from die breakdown of rolling oils carried into an annealing furnace on die surface of strip. 
A furnace atmosphere can act as a medium to transfer heat from die furnace to the load during heating, 
particularly at low temperatures where convection is more important than radiation

Protection from oxidation

The most basic function of die furnace atmosphere in the treatment of any product is to protect it from 
oxidation. In most cases a bright product is required but for some processes only protection from gross 
oxidation is needed An example of the former’ would he the annealing of copper water pipes or 
stainless steel sink tops and an example of die latter billet reheating prior to forging. The presence of 
only a few pails per niillion of oxygen will oxidise almost any metal at its annealing temperature. 
However, reducing die amount of available oxygen can be an effective method of eliminating gross 
oxidation. Figure 1 shows the effect of reducing the oxygen on the oxidation of copper at various 
temperatures.

However even the highest purity commercially available nitrogen contains one or two parts per billion of 
oxygen, and furnace leaks are inevitable. Therefore, to produce a bright product die oxygen is reacted 
with an active gas such as hydrogen.

VzOz + H2 ^ H20 [1]
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Figure 1 The variation of oxide layer thickness after 30 minutes exposure to various

nitrogen/oxygen mixtures
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The ttaidation potential of the resulting atmosphere is thus related to the FfeiFLO ratio. The oxidation 
boundaries of various metals are shown in Figure 2. The higher the ratio the more reducing the 
atmosphere. Thus if the atmosphere composition is above the line the oxide would be reduced, and 
below the line the metal oxidised It is the component of the system that requires the most reducing 
atmosphere which must be considered the critical element. However, for most practical purposes, 
elements with concentrations below 1% can be ignored as they do not form continuous oxide films.
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Figure 2. The oxidation boundaries of various elements

Figure 2 shows that for many materials the H2H2O ratio requir ed to keep the material bright rises as the 
temperature falls, making the cooling zone the most critical part of a continuous furnace. However if an 
addition of a flammable gas is made to counter the effect and is allowed to bum off at the exit, oxidation 
of the product can occur as it passes through the flame fiont. Such problems are best avoided, either 
by using a non-flammable atmosphere or ensuring that any flammable component is diluted below the 

flammable limit before the exit

Alloys are not as easy to oxidise as pure metals, depending on the activity of the alloying element The 
activity of an element of an alloy can sometimes be crudely approximated by tire concentration and used 
to deduce Are requited H>:H20 ratio. Thus for a 300 series stainless steel containing 18% chromium, 
the ratio to prevent oxidation at 700°C is roughly 0.18 x 105 rather than the 1 x 105 that is predicted in 
Figure 2. To reduce any pure oxide of chromium would required a ratio above 105 as, in practice, it is 
easier to prevent oxidation of alloys than to reduce the oxides once they are formed

Conclusions drawn from Figure 2 must be regarded with caution particularly below about 300°C since 
equilibrium conditions may not apply. What occurs in practice is related more to reaction rates and 
availability. At low temperatures non-equilibrium oxides may form, particularly when the availability of 
oxygen is low. At lower temperatures the oxides formed on alloys tend to reflect the most abundant 

rather' than the most active constituent

Other reducing gases can also be used to prevent oxidation. Exothermically generated gas, a partially 
combusted natural gas mixture containing carbon monoxide and hydrogen as well as nitrogen, is 
sometimes used At typical annealing temperatures, the component gases are at equilibrium and it is 
sufficient to examine Are H2H2O ratio to determining oxidising tendencies. If required tire exothermically 
generated gas can be rendered more reducing by removing the water vapour and/or the carbon dioxrde 
produced in the combustion process. A point to note about carbon monoxide-bearing atmospheres, 
besides their toxicity, is Are possibility of forming carbon soot particularly in the 400-600° C range 
according to the producer gas or Boudouard reaction

2 CO = C02 + C [2]

The protective atmospheres concept therefore is to use an inert gas with sufficient hydrogen or other 
reducing species to prevent adventitious oxygen, originating from ah' leaks, from oxidising tire work. 
Although atmospheres generated from partial combustion of natural gas can be so described, the 
proportions of oxidising and reducing species are fixed and may not be well controlled Such 
atmospheres are therefore best made synthetically by adding a reducing species such as pure hydrogen 
to pure nitrogen giving both volumetric and compositional flexibility. Some typical atmospheres are 

shown in Table 1.

Material Atmosphere
Copper Nitrogen / 2% hydrogen
Mild steel Nitrogen / 2-4% hydrogen

Bronze Nitrogen / 5% hydrogen

Brass Nitrogen / 25% hydrogen



Stainless steel Nitrogen / 50% hydrogen
High chromium alloys Hydrogen

Table 1. Some typical protective atmospheres

Chemical surface modification

The furnace atmosphere can also be used to modify the surface chemistry of tire material. The 
commonly employed themiochemical treatments for steel are all based on the diffusion of carbon and/or 
nitrogen into the surface layeis of finished or almost finished components to produce the desired 
properties. Examples of such processes ar e carburising, typically applied to gears to produce a wear 
resistant surface layer on a tough core, and fenitic nitrocarburising, typically applied to components 
requiring a combination of wear and corrosion resistance on a cheap, mild steel substrate. The source 
of the carbon is, for most treatments, a gaseous hydrocarbon However, the mechanism for the transfer 
of tire carbon to the steel surface varies between treatment techniques. The most common and the most 
effective at temperatures below 1000° C is via carbon monoxide and hydrogen. The reaction sequence 
is complex but may be summarised in equations [3] to [5] where Ca is tire carbon absorbed by the steel.

2CO => Ca + CO2 P]

C02 + H2 <=> CO + H20 [4]

H20 + CH4 <=> CO + 3H2 [5]

For efficient production carburising the carbon monoxide level must exceed 15%. Such atmospheres 
can be generated from tire partial combustion of hydrocarbon fuel in an endothermic gas generator or be 
derived from a mixture of alcohols and nitrogen The srmplest of these mixtures is methanol/nitrogen 
although mixtur es of ethanol or isopropanol and water can be substituted for the methanol.

Methanol, when introduced into a furnace at above 750°C, cracks to give carbon monoxide and 
hydrogen in tire ratio 1:2.

CH3OH => CO + 2H2 [6]

Care must he taken when injecting tire methanol, particularly at low temperatures, to ensure rapid 
cracking so that lower temperature side reactions producing soot, carbon dioxide and water are 
avoided.

Above 1000°C the transfer may be via carbon monoxide or directly from the breakdown of the 
hydrocarbon. Such treatments are little used due to the effect of the processing temperature on the core 
of the carburised component and tire propensity of the processes to produce soot

Not only is it a requirement to introduce carbon to the surface but, for some treatments, to remove it 
Equation [7] may also be used for tins purpose by an addition of water vapour. Care must be taken to 
ensure that enough reducing species is present to ensure that the total atmosphere system is 1 educing to 
the substrate.



[7]ca+h2o <=> CO + h2

If nitrogen is to be absorbed by tire metal to be treated it must be in die nascent form. For most 
piuposes nitrogen gas can be considered as inert and an alternative source of nitrogen must be sought 
By far the commonest source of nascent nitrogen is the breakdown of ammonia. At elevated 
temperature the hydrogen is progressively stripped from the nitrogen atom which is eventually left 
nascent as summarised in equation [8]. If not adsorbed by the metal it rapidly combines with another 
atom to form a nitrogen molecule.

2NH3 <=> 2‘N’ + 3H2 [8]

This reaction may also be used in reverse to remove nitrogen from die surface.

Flushing

An additional role of the atmosphere is to renrove unwanted materials, such as processing lubricants, 
from a ftimace. This can be achieved either by physical flushing or by reacting the lubricant with a 
controlled oxidising component of the atmosphere, hr continuous furnaces it is usually necessary to 
restrict the active atmosphere component to the entry areas as they are deleterious to the components at 
the annealing temperature. The same is frue of batch funrace operatiorrs where the process must be 
completed well before the amrealing temperature is reached For some lubricants this can entail a dwell 
irr tire ramp up to amrealing temperature at some intennediate temperature at which volatilisation or 
reaction is essentially complete.

Heat transfer



Particularly at low temperatures where convective heat transfer predominates the atmosphere is the 
medium of heat transfer to the load As well as its strong reducing power hydrogen also has a high 
thermal conductivity - three times as much as nitrogen. Recent developments in high-integrity bell 
furnaces take advantage of this high thermal conductivity to shorten die cycle time for annealing of steel 
strip (Figure 3). The atmosphere used in these furnaces is 100% hydrogen. Hydrogen conducts heat 
from the retort to the load more quickly than would nitrogen and heating times are reduced At the end 
of the cycle, heat is conducted from the load to the retort and cooling time is greatly reduced This 
dramatically reduces the total cycle time and improves productivity, in one example increasing bell 
furnace throughput by 26% and reducing costs by 11%.

Further reading

Further information on the applications of atmospheres in heat treatment can be found in three BOC 
publications. Protective atmospheres for annealing and hardening steel (MET/007637) and 
Protective atmospheres for nonferrous bright annealing (MET/007545) cover mainly annealing 
while Furnace atmospheres for the automotive industry and its suppliers (MET/007638) covers 
mainly surface modification technologies, sintering and brazing.
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On-site hydrogen generation for heat treating applications 

Akhilesh Kapoor and Paul Stratton - BOC Gases

Abstract

Hydrogen is rapidly becoming a more important dement in controlled atmosphere heat treating around 
the globe. It has been used for many years, usually mixed with high purity nitrogen, to create high 
quality atmospheres for annealing, sintering and brazing. With the drive for higher quality products, 
mainly driven by the requirements of the automotive industry, the use of these atmospheres is expanding. 
In addition to its use as a reducing agent, hydrogen is increasingly being used in heat treatment 
applications for its high heat transfer properties. Examples of such applications are 100% hydrogen bell 
annealing and gas quenching in vacuum furnaces.

Although hydrogen is available in many geographies either as a compressed gas or in a liquid fomi there 
is an increasing requirement for economical on-site production facilities particularly for medium to large 
demands. BOC Gases has been seeking to meet these requirements by developing a comprehensive 
range of on-site plants. One of the most recent developments has been a low pressure SMR plant 
which produces a high quality product to meet the requirements of small to medium users.

This paper' outlines Hie uses of hydr ogen in heat treatment and the possible supply options available with 
particular' emphasis on low pressure SMR hydrogen generator.

Introduction

The use of hydrogen in controlled atmosphere heat treating is growing rapidly in all geographies. For 
many years it has been mixed with high purity nitrogen to create high quality atmospheres for annealing, 
sintering and brazing. With the drive for higher quality products, mainly driven by tire requirements of 
the automotive industry, the use of these atmospheres is expanding, hr recent years technologies have 
been developed to minimise the consumption of hydrogen while making the most of its unique properties 
[1]. As well as its use as a reducing agent, hydrogen is increasingly being used in heat treatment 
applications for its high heat transfer properties. Examples of such applications are 100% hydrogen bell 
annealing and gas quenching in vacuum furnaces.

It is now probable that more than 50% of the hydrogen used globally outside the chemical and refining 
industry is for heat treatment applications.

Applications

For processes where a protective atmospheres is required, typically annealing, an inert gas, usually 
nitrogen, is mixed with sufficient hydrogen to prevent adventitious oxygen, originating from air leaks, 
from oxidising the work. Such atmospheres are best made synthetically by adding pure hydrogen to 
pure nitrogen giving both volumetric and compositional flexibility. Some typical atmospheres are shown 
in Table 1.



Material Atmosphere
Copper Nitrogen / 2% hydrogen
Mild Steel Nitrogen / 2-4% hydrogen
Bronze Nitrogen / 5% hydrogen
Brass Nitrogen / 25% hydrogen
Stainless Steel Nitrogen / 50% hydrogen
High Chromium Alloys Hydrogen

Table 1, Some typical protective atmospheres

hi other processes such as galvanising, sintering and brazing the atmospheres is required to actively 
reduce oxides. Such processes would usually employ higher hydrogen atmospheres than those used to 
anneal the same material. For example die atmosphere used in the annealing process prior to 
galvanising where it is necessary to fLdly clean the steel surface would typically use nitrogen with 15% 
hydrogen.

Some heat treatment processes take advantage of the high heat transfer coefficient of hydrogen. This 
may be simply increasing the hydrogen level in the cooling zone of a continuous furnace using BOC’s 
Nitrazone atmosphere zoning technology to increase the production capacity of the furnace or the use of 
100% hydrogen atmospheres in specially designed Ebner HICON/H2 bell annealing furnaces (Figurel) 
to decrease floor to floor time and improve productivity.

Supply Technologies

Hydrogen is typically supplied as a compressed gas (in tube trailers), in a liquid foim or using on-site 
production facilities. On-site hydrogen production is particularly useful for medium to large demands 
such as large scale annealing or continuous steel strip galvanising plants. There are several H2 
production technologies that are used for on-site plants. These technologies include water electrolysis, 
methanol cracking and hydrocarbon steam reforming.

There are several water electrolytic technologies available that are based on different cell designs. 
Broadly speaking, water electrolysis is a proven technology and has been used extensively for small 
scale applications. For medium and large scale applications, it is typically not very cost effective due to 
rather poor scalability (for scaling up) and high operating cost.

Methanol reforming (also referred to as methanol cracking) has been typically employed supplying 
hydrogen to medium to large application in die recent year's, particularly due to low market price of 
methanol. Methanol reforming has also been proven both technically and commercially. Tire main 
drawback of these systems has been the volatility of methanol pricing.

Steam reforming of natural gas, LPG or naphtha has been widely used for large applications. Due to 
poor scalability (for scaling down), the capital cost of these plants becomes prohibitive for small to 
medium size applications. The conventional steam reforming plants operate between 200 and 600 psig



and the reformer outlet temperature in the range of 1500 to 1700°F. Due to high temperature and high 
pressure operation, the plant equipment (metallurgical issues) cost and installation cost tend be quite 
high.

Although above mentioned technologies are commercially available for on-site H2 production, more 
economical on-site plants are continuously being sought In recent years, due to increasing interest in the 
fuel cells, a number of industrial and academic research and development groups are working to 
develop new cost effective hydrogen production systems. Many of these are still in the conceptual stage 
while others are at various testing stages. BOC Gases has also been seeking to meet these requirements 
by developing a comprehensive range of on-site plants. One of the most recent developments has been 
H2Gen ™ a low pressure SMR plant, which produces a cost effective supply of high quality product to 
meet the requirements of small to medium users.

H2Gen ™ Low Pressure Steam Reforming Technology

H2Gen TM technology was developed to provide a safe, reliable, efficient and low cost on-site 
hydrogen in the range of 5,000 to 60,000 SCFH. H2Gen is based on low pressure steam reforming of 
natural gas, LPG or naphtha

Process Description

Vent

H2
Product

Figure 1. H2GenProcess schematic



A schematic of the overaU process is given in Figure 1. Natural gas (or other hydrocarbon feed) from 
the plant boundaty limits is split in two streams, one as process feed and other as supplemental fuel. The 
process feed is mixed with recycle hydrogen and is preheated in a Feed Preheater. The hot mixed feed 
is passed over a catalytic reactor containing Co/Mo (cobalt / molybdenum) catalyst where unsaturated 
hydrocarbons in the feed react with hydrogen to form saturated hydrocarbon compounds, and any 
mercaptans react with hydrogen to form hydrogen sulfide (H2S). The saturation of unsaturated 
hydrocarbons is required to avoid carbon formation in the steam reformer, whereas conversion of 
mercaptans to hydrogen sulfide is required to allow effective removal of sulfur compounds prior to the 
reformer to avoid poisoning of reforming catalyst Hie effluent from the Co/Mo reactor is passed over a 
ZnO (zinc oxide) bed where hydrogen sulfide reacts with ZnO to form zinc sulfide (ZnS), thereby 
producing a sulfur free feed stream.

Sulfur and unsaturated hydrocarbon free feed is mixed with process steam, and the mixed stream is 
heated a Reformer Feed/Effluent Exchanger. The hot mixed feed is fed to the steam reformer. The 
steam reformer consists of several catalyst tubes connected to a feed header at the bottom and a 
product header at the top. As tire hydrocarbon and steam mixture passes through the catalyst tubes tire 
following key reactions occur which form the synthesis gas mixture (H2, CO and C02).

Reforming reaction for methane feed
CH4 + H20------- --■» CO + 3 H2 (i)

Reforming reaction for higher hydrocarbon feeds
CnHm + n H20----------- -> n CO + (n + m/2) H2 (2)

Water Gas Shift reaction 
C0 + H20-------- C02 + H2 (3)

Reaction with C02
CH4 + C02------ ■—-»2CO + 2H2

Reactions 1, 2 and 4 are strongly endothermic whereas reaction 2 is mildly exothermic. Overall, the 
steam reforming reactions are strongly endothermrc. Tire heat of reaction is typically supplied by a 
furnace where supplemental fuel along with PSA waste gas are combusted in air.

The H2Gen reformer reactor operates at pressure below 50 psig and at temperatures in the range of 
1300 to 1450°F. Due to significantly lower operating pressure and temperature (milder operating 
conditions), the reformer design is significantly simplified which results in lower plant cost hr the 
reformer, over 98% of the hydrocarbon is converted and the reformer effluent contains about 75% H2, 
13% CO and 10% C02 (on a dry basis).

Tire reformer effluent is cooled to about 675°F in the Reformer Feed/Effluent Exchanger. The cooled 
stream is passed through a Shift Reactor. The shift reactor contains iron oxide catalyst Most of the 
carbon monoxide in the process gas is converted to additional H2 and C02 (according to water gas 
shift reaction as given in Reaction 3 above). Tire water gas shift reaction is exothermic and is favoured 

by low temperatur e.



The shift effluent gas is cooled in a series of heat exchangers to about 100°F. Condensate is removed 
from the cooled stream, and gas is compressed in a syngas compressor. Tire compressed gas is then 
treated in a Pressure Swing Adsorption (PSA) unit The PSA unit consists of multiple vessels containing 
several adsoibent layers. Each PSA vessel goes through a cycle of steps including adsorption and 
regeneration, and the various vessels are operated out of phase to provide continuous feed and product 
The PSA waste gas is used as fuel in the reformer.

Tire flue gas from the reformer is cooled in a waste heat boiler to produce process steam. The cooled 
flue gas is exhausted to the atmosphere through an induced draft fan.

Key Features of H2Gen Technology

Reliability - Due to mild operating conditions (lower temperature and pressure) in the reformer, die 
overall reliability of Hie process is enhanced Furthermore, the system employs significantly lower 
number of process units as compared to a conventional steam reformer plant resulting in further 
improved reliability. For example, H2Gen employs only one waste heat boiler in the convection section 
as compared to typically two or three waste heat boilers in a conventional plant. A detailed comparison 
of H2Gen technology and conventional steam reforming plant is provided in Table 2.

LPSMR Technology Conventional Reforming
Reformer Operating Press, psig <50 200 - 500
Reformer Operating Temp, F 1200 - 1500 1500 - 1700

Fans Induced Draft (ID) Fan only ID and Forced Draft (FD) fans
Feed Compressor No Yes
Syngas Compressor Yes No
Complexity of Convection 
Section

Low Medium-High

Steam System Pressure, psig <75 psig 250 to 700
Steam System Complexity Low Medium - High
Number’ of Waste Heat Boilers 1 2-3

Table 2. Comparison between H2Gen ™ and Conventional Steam Reformer H2 Plant.

Self Contained Plant - H2Gen is designed to minimise interaction with the customer process or utilities. 
For example, it does not require any import steam. It recycles the condensate thereby minimising die 
amount of boiler feed water requirements. Also, it produces just die steam dial is required for die 
process, i.e. it does not produce any export steam Therefore, it avoids the cost of installing export 
steam pipeline and offers high thermal efficiency without export steam credits.

Flexible Design - H2Gen is design to handle variety of feedstock. For example, it can handle natural 
gas, LPG or naphdia For liquid feeds, a pump and vaporizer may be required. Therefore die most cost



effective and reliable source of hydrocarbon feed can be used H2Gen is also designed to provide 
turndown capability to meet the varying customer requirements.

Modular Design - H2Gen is based on highly modular, fully skid mounted design resulting in significant 
savings in installation cost and short installation time. Furthermore, H2Gen skid layout is designed to fit 
in to ISO containers providing significant savings in shipping and costs, and site access flexibility. Also it 
is designed such that it requires significantly less plot space as compared to competing hydrogen 
production technologies. An isometric of the plant is given in Figure 2.

Figure2. Isometric view of the H2Gen plant

Compact Design - Due to milder operating conditions, the H2Gen flow sheet is significantly simpler as 
compared to conventional reforming, i.e. there are significantly less number of process units. As a result 
of simpler flow sheet and modular design, the H2Gen plant is very compact. A typical plot layout of the 
H2Gen plant is shown in Figure 3. The plot area required for the H2Gen plant is typically 20 to 50% 
lower as compared to convention reforming and other on-site H2 production technologies.
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Figure 3: H2Gen-20 (20,000 SCFH capacity) plot plan

Economical - Due to all of the above features, H2Gen offers an economical supply of hydrogen. The 
capital cost of H2Gen is estimated to be over 30% lower as compared to conventional reforming. A 
comparison of capital costs of various H2 production technologies as a function plant size is given in 
Figure 4. The plant capital cost is the sum of FOB cost, shipping and installation cost. The basis for the 
installation cost are US Gulf Coast.
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Figure 4: Comparison of capital cost of various hydrogen production technologies.

The overall cost of hydrogen gas is estimated to be over 20% lower as compared to other competitive 
technologies and supply modes. The overall gas cost comparison as a function of plant capacity is given 
in Figure 5. The overall gas cost includes capital cost, operating cost, and O&M. Furthermore, capital 
cost is depreciated using straight line depreciation of 25%/year. The number of operating days in a year 
are assumed to be 330, and the cost of various utilities is assumed to be US $3 / MMBTU for 
hydrocarbon feed and fuel, and US $0.05 / KWH for power.

Figure 5: Comparison of total cost of various hydrogen production technologies 

Conclusions

In this paper, various uses of hydrogen in the heat treatment processes alongwith possible supply 
options are presented. A novel low pressure reformer hydrogen generator, H2Gen, is described The 
H2Gen technology provides cost effective supply of high quality hydrogen product for small to medium 
size requirements.
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Colouring stainless steel by 
controlled oxidation

Paul Stratton and Bart Boodey (BOC Gases)

ABSTRACT

Heating elements for domestic appliances are usually 
sheathed. The sheathing alloy selected depends 
upon the operating conditions. For many 
applications DIN 14541 (AISI 321) and DIN 14301 
(AISI 304) are used. To improve corrosion resistance 
and heat transfer, the elements are pre-oxidised. 
The darker the colour of the oxide the better the heat 
transfer. However, the oxide layer must be thin 
enough not to spall or crack during subsequent 
forming of the element to the required shape. The 
oxidation treatment can be carried out separately, 
either before or after final forming. However, this is a 
costly operation and it would be much cheaper if it 
could be carried out in the furnace used to anneal the 
elements prior to the final forming operation. Various 
types of continuous oxidation treatment were 
investigated and the results are reported.

INTRODUCTION

Heating elements for domestic appliances are often 
sheathed copper (sometimes nickel plated) or in a 
high chromium, high nickel stainless steel for better 
corrosion resistance. The alloy selected depends on 
the operating conditions, particularly temperature. 
For water heating applications where the surface 
temperature of the element is restricted, DIN 14541 
(AISI 321) and DIN 14301 (AISI 304) are often used. 
To improve corrosion resistance and heat transfer the 
elements are pre-oxidised. The darker the colour of 
the oxide the better the heat transfer. However, the 
oxide layer must also be thin enough not to spall or 
crack during subsequent forming of the element to 
the required shape and there should be no internal 
oxidation.

The oxidation can be done separately, either before 
or after final forming. The treatment is carried out in 
humidified nitrogen/hydrogen at 1050°C for the best 
results [1], However, this operation is both costly and 
difficult to control because of the need to control the 
temperature of the bubbler used to humidify the 
nitrogen and the possible clogging of pipework with 
lime scale from the water. It would be much cheaper

to carry out the operation in the furnace used to 
anneal the elements prior to the final forming 
operation.

In the continuous mesh belt furnace typically used for 
annealing heating elements, the atmosphere can be 
“zoned” to produce different compositions in different 
regions of the furnace. When annealing stainless 
steels this would usually mean creating a high 
hydrogen, highly reducing atmosphere in the furnace 
hot zone and pre-cool, and a lower hydrogen content 
atmosphere in the pre-heat and cooling zones to 
minimise atmosphere costs. A zoning technique, 
such as the BOC Nitrazone technology, can provide 
a controlled oxidation area in the cooling zone, 
starting at some point where the temperature of the 
heating elements falls to some critical value [2].

It would, of course, have been possible to introduce 
an additional heated zone into the furnace so that the 
oxidation treatment could be carried out isothermally. 
This solution was rejected on the grounds of cost. A 
further factor is that any extended isothermal 
treatment at temperatures below the annealing 
temperature might lead to the precipitation of 
chromium carbide. This would result in poorer 
corrosion resistance or the formation of sigma phase 
with the associated loss of ductility (3,4],

Because of the difficulties associated with the use of 
water vapour in furnaces, initially oxygen then carbon 
dioxide were selected as the oxidant.

EXPERIMENTAL

Materials

DIN 14541 (AISI 321) was selected as the test 
material. Samples of the DIN 14541 (25.4mm x 
12.7mm x 1.6mm) material were acquired with a mill 
scale finish. Prior to treatment, each specimen was 
cleaned with a 2% Alconox™ aqueous detergent in 
an ultrasonic bath, rinsed in ethanol and dried in 
warm air. Samples that were not bright annealed at 
105CPC before exposure to the oxidising environment 
were mechanically abraded to a 240-grit finish to 
remove the mill scale, and then cleaned.

Preliminary testing

Isothermal experiments using oxygen as the oxidant 
were first carried out to investigate the range of 
colours produced. At a low, fixed oxygen addition to 
an inert gas, the colour of a freshly polished surface 
after 20 minutes exposure changed with increasing 
temperature from straw at 400°C to blue at 750°C. 
Above 750° C it reverted to a very light straw which 
became matt grey/green with increasing temperature. 
A significant difference in colour was noted between 
the surface exposed to the atmosphere and the



surface close to the support. The side of the 
component that had been freshly polished was also 
found to be a different colour from that with the as- 
received finish. These results showed that inert 
gas/oxidant combinations were unlikely to yield the 
consistent and repeatable colouring required.

Test Apparatus

All the remaining thermal treatments were conducted 
in a 16.4 litre box furnace. During processing the 
atmosphere was maintained at a constant inlet 
composition. The temperature was maintained with 
an external thermocouple and monitored with an 
internal thermocouple. When the temperature 
reached 50° C below the target, the control was 
switched to the internal thermocouple. Four samples 
were heat treated together, held on a stainless steel 
mesh at the height of the internal thermocouple. The 
composition of the gas in the box furnace was 
monitored with three separate gas analysers. An 
Illinois Instruments oxygen analyser, Model 2550, 
was used to monitor the oxygen concentration; a 
Siemens Ultramat 22P monitored the carbon 
monoxide and carbon dioxide levels; and a Nova 
Analytical Systems model 430PM system monitored 
the hydrogen content.

Procedure

Prior to heating, the box furnace and samples were 
purged with house nitrogen for 24 hours to obtain a 
background level of approximately 1 ppm residual 
oxygen in the system. The atmosphere was then 
changed to 100% Grade 4 hydrogen prior to 
beginning the thermal cycle. This atmosphere was 
used during the heating of the samples. After the 
target temperature had been attained and held for a 
soak period, the inlet gas composition was changed 
to the test atmosphere.

Continuous Cooling Conditions

For the second series of experiments, the oxidant 
was changed to carbon dioxide and the carrier gas to 
hydrogen to obtain complete control over the 
oxidation potential. In the tests the samples were 
bright annealed at 1050°C for 30 minutes in 100% 
hydrogen, the furnace was cooled to the start 
temperature, at which point the carbon dioxide was 
introduced. Two start temperatures, 900c’C and 
800°C, were used and two carbon dioxide 
concentrations, 1% and 5% by volume. The hfe/COa 
atmosphere was maintained until the temperature 
reached 537°C. At 537°C the atmosphere was 
switched to 100% nitrogen until room temperature 
was reached.

Under all conditions the oxide produced by these 
trials was unsatisfactory. It was concluded that the

cooling rate of the furnace (10°C/min) was too slow 
to prevent over-oxidation at the higher temperatures 
and that the gas mixture was insufficiently oxidising 
to oxidise the stainless steel at lower temperatures. 
In practice a typical mesh belt furnace used for this 
type of process would have a much higher cooling 
rate, especially at the higher temperatures.

The third set of samples was therefore treated at a 
fixed temperature then cooled to room temperature to 
represent the conditions in a typical mesh belt 
furnace as closely as was possible with the available 
apparatus. Temperatures of 550°C, 750°C, BSCFC, 
900°C and 950°C were used. When the samples 
had reached these temperatures, they were soaked 
in the 100% hydrogen atmosphere for 30 minutes. A 
carbon dioxide level of 40% by volume was 
introduced and maintained for a further 30 minutes at 
the set temperature. The furnace was then shut off 
and cooled to 750° C under the same 60% fi/40% 
C02 atmosphere. At 750°C the atmosphere was 
changed to 100% nitrogen until room temperature 
was reached. For the 500°C and 750°C treatments, 
the atmosphere was changed to nitrogen purge 
immediately after the 30-minute oxidation cycle.

Surface and Micro structural Evaluation

After the heat treatment, the colour and general oxide 
features of the sample surfaces were evaluated. 
Microstructural features were evaluated using a light 
microscope, to magnifications of 1000 times, before 
and after etching with Marbles reagent.

Bend Test

A sample from each heat treatment lot was bent to 
greater than 180 degrees around a 6-mm pin. The 
surface of the bend was inspected in a light 
microscope to magnifications of 40 times to identify 
surface cracking and oxide adherence.

X-Ray Diffractometry

The surface layer of a sample from a selected 
treatment was evaluated after the heat treatment 
programme was completed. A Philips X’Pert PRO 
Multi-Purpose Diffractometer operating at 40 kV and 
50 mA was used. The 2-theta scan was from 20 to 
100 degrees at a step size of 0.01 degree and a rate 
of 0.4 sec/step. The resultant data was analyzed 
using Philip’s Analytical X'Pert Software to identify 
the observed peaks.

RESULTS AND DISCUSSIONS

Continuous Cooling Conditions

The results of the continuous cooling heat treatments 
with start points of 900°C and 800°C are shown in



Figure 1. The oxide colours produced by these 
controlled atmospheres are clearly different. At 
800°C (A), the colour is a copper-grey mixture. The 
oxide colour at 90CPC with 1% C02 (B) is light grey 
while that at the 5% C02 (C) level is dark grey. One 
piece from each heat treatment lot was bend tested 
to determine adherence. In all cases the oxide was 
adherent with no cracking visible at 40X.

□ □ El
Figure 1 Continuous cooling from: A) 800°C in 

1%C02/99%H2; B) gOO^C in r/oCOz/ 
99%H2; and C) 900°C in 5%C02/95%H2.

Figure 2 Microstructure of AISI 321 SS continuously 
cooled with 1% C02 introduced at 900°C, 
magnification 500X.

• •

Figure 3 Microstructure of AISI 321 SS continuously 
cooled with 5% C02 introduced at 900°C, 
magnification 500X.

Figure 4 Microstructure of AISI 321 SS continuously 
cooled with 1% C02 introduced at 800°Ct 
magnification 500X.

Examination of the microstructures of these samples 
revealed internal oxidation occurring at both 900°C 
treatments, Figures 2 and 3. The depth of the attack 
appears to be greater at the 1% C02 level, indicating 
that the oxide formed is non-protective and allows 
significant oxidation to continue during the exposure. 
At 5% C02, the protection was better, but grain 
boundary oxides are clearly observed. At 800°C no 
internal oxidation along the grain boundaries was 
apparent, Figure 4. The oxide in this case was 
relatively thin, but not continuous. Even so, the 
kinetics for internal oxidation appear to be 
significantly reduced. This non-continuous feature 
may also be responsible for the two-tone colour 
appearance.



Semi-continuous Conditions

The surface colours for the five semi-continuous heat 
treatments with 40% CO2 are shown in Figure 5. In 
Figure 6, the three higher temperature treatments are 
compared at larger scale. At 550°C, the surface 
colour produced was straw. The surface oxide at this 
temperature was extremely thin and it is assumed 
that the oxide growth kinetics are unfavourable. At 
750°C the oxide colour was iridescent dark copper. 
The oxide layer was obviously thicker than that at 
550°C but was still thinner than the oxides produced 
by the continuous cooling treatments at the lower 
C02 concentration. At 850°C the oxide was a dark 
grey with copper highlights. The oxide layer was 
relatively thin and appeared to be uniform and 
continuous.

0 □ □ 0 □
Figure 5 Fixed temperature exposures in 40%CO2/ 

60%H2 at: A) 550°C; B) 750°C; C) 800°C; 
D) 900°C; and E) 950°C.

0 0 El
Figure 6 Fixed temperature exposures in 40%CO2/ 

60%H2 at: A) 800°C; B) 900°C; and C) 
950°C.

The microstructure examination (Figure 7) showed no 
internal oxidation and that the oxide was continuous 
on the surface. At 900°C the oxide was matte black 
in colour and again appeared to be uniform and 
continuous. The microstructural examination of the 
900°C sample revealed that the oxide was slightly 
thicker than the 850°C sample but was uniform and 
had not led to any internal oxidation (Figure 8). At 
950°C the oxide layer was slightly darker than that 
observed in the 900°C sample. It appeared to be 
thicker since the surface scratches from the polishing 
were no longer visible. The microstructure for this 
treatment also revealed that internal oxidation had 
begun (Figure 9). It appears that the scale was not 
protective at this temperature and oxygen was 
diffusing down the grain boundaries. This condition 
was considered unacceptable.

Figure 7 Microstructure of AISI 321 SS held at a 
fixed temperature of 85CPC with 40% C02.

Figure 8 Microstructure of AISI 321 SS held at a 
fixed temperature of 900°C with 40% C02.



Figure 9 Microstructure of AISI 321 SS held at a 
fixed temperature of 950°C with 40% CO2.

Samples from each of the five heat treatments were 
then bent around the 6 mm pin in a vice. No cracking 
or spalling of the oxide layer resulted for the 550°C, 
750oC, 850°C or 900°C treatments. The 950°C 
treatment exhibited small surface cracks across the 
entire outer surface. These cracks are directly related 
to the intergranular oxidation shown in Figure 9.

Since the 900°C treatment produced the appropriate 
colour and required oxide characteristics, a sample 
from this treatment was evaluated using X-ray 
diffraction. This showed that the oxide itself 
appeared to be a mixture of NiO, CrO and mixed 
oxides of iron and chromium. No carbides appeared 
to have formed in this surface layer.

CONCLUSIONS

Introducing low concentrations of carbon dioxide, 1% 
and 5%, into the hydrogen atmosphere during 
cooling from annealing temperature did not produce 
a continuous and protective oxide scale on AISI 321 
stainless steel. At these carbon dioxide levels, 
internal oxidation occurred during continuous cooling 
when it was introduced at 900°C.

Carbon dioxide at 40% by volume, balance 
hydrogen, when introduced at a fixed temperature did 
produce continuous and protective scales at 
temperatures of 850°C and 900°C, but not at 950°C. 
At 950°C internal oxidation occurred along the grain 
boundaries. At 900°C and 950° C with 40% carbon 
dioxide a matte black colour was obtained. Because 
of the internal oxidation, the oxide surface from the 
950°C treatment cracked on bending. The oxide 
scale on the 900°C sample was found to be mostly 
NiO, CrO, and a mixed oxide of iron and chromium. 
No carbides were found in this surface scale.

FURTHER WORK

Further work is required to confirm that similar results 
can be obtained in a continuous furnace and to 
determine the full range of colours that can be 
produced.
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An Introduction to Atmosphere Furnace Safety
P.F. STRATTON (BOO Gases, UK} and M.S. STANESCU (BOC Gases, USA)

Heat treating is a dangerous occupation. Furnaces are Table 1. Hoat-tre&ting Atmotphera constituent gate*.
mevitaoiy not ana tne treatment atmospner&s comprise a 
wide range of potentially dangerous gases. This artide 
outlines the potential hazards associated with the use of 
furnaces, particularly when atmospheres are employed that 
have risks of exptosionsr burning, toxic effects and 
asphyxiation. It suggests ways in which those risks can be 
minimised and reviews the guidance provided by some 
relevant safety standards.

INTRODUCTION
A heat-treating shop is a dangerous place. Many of its 
dangers are shared with the engineering environment in 
general, but some are unique. It is those unique aspects that 
are considered here. Furnaces are dangerous in themselves 
because they are hot, but even when cold they can form 
hazardous enclosed spaces. Heat treating atmospheres 
employ a wide range of gases. All are potentially 
dangerous, since part of their purpose is usually to exclude 
oxygen, the "breath of life". In addition, some gases 'are 
flammable and can form explosive mixtures with air, bthers 
are toxic and some are both.

SAFETY MANUALS AND TRAINING
Every heat-treating shop should have a safety manual of 
some sort In some countries, such rnqnuals/programmes/ 
procedbres are mandatory {cf. regulations and standards). 
The recommendations contained in the safety manual are 
not intended to replace the requirements contained In the 
regulations and standards. They supplement them.
Every company should designate an official to establish a 
safety programme within the heat treat department and to 
integrate it into the entire plant safety programme. It is often 
a good idea to appoint a safety co-ordinator who is given 
the power and authority to inspect operations, identify and 
correct safety violations, and to provide training and 
education to ail employees.
All operators and maintenance personnel must be trained 
in the proper use of the furnaces and atmosphere systems. 
They must know where to find contact information in case 
of emergency, including that for hospitals and doctors. 
Training must be given to all operators and maintenance 
specialists and those who work with or near furnaces using 
special atmospheres. Information about flammability, 
explosion of flbmmable gases and indeterminate gas 
mixtures, plus recommendations of the updated safety 
standards and the, safety portion of the operating 
instructions, should be included in the training course.
All personnel must be provided with adequate and effective 
fire and personal protection equipment and know how to 
use it. This includes safety glasses and shoes, gloves, hard 
hats, breathing apparatus, and lock-out/ tag-out devices. 
Insist on use of protective equipment when operating or 
maintaining heat-treating equipment; inspect for, and 
discipline, any violations. If an incident should occur, record 
the facts, investigate it to determine a root cause and take 
the necessary corrective action. Always remember that

This article updates that by Mr. Stratton which appeared in the 1992.1 
edition of HEAT THEATMENT OF METALS (pages 10-13).

Constituont
Q8S

Symbol Flammable Toxic . Asphyxiant Atmosphere
functior

Ammonia nh3 Yos Yes Yes Strongly
nitriding

Argon Ar - - Yos Totally Inert
Carbon
tlioxido C02 -

Yes {at high 
con centre Hons) Yos Oxidising and 

decarburising
Carbon ■ 
monoxide CO Yos Yas Yos Carburising and 

mildly reducing
HoBum Ho - ' Yos Totally inert

Hydrogon Yes - Yos Strongly
reducing

Methanol CK30H Yes Yes Yos* CO and H;. 
'generating

Natural
Bus**

ch4 Yes Yes Strongly 
carburising and 
deoxidising

Nitrogen n2 - . Yes Inerting

' Liquid M room temperature but vapour is an asphyxiant.
'"Note thattha purity of commarcW^radg methane is not guaranteed'.

today's near miss could be tomorrow's serious accident. 
One important safety measure is to warn employees of 
potential hazards by posting adequate signs in key 
locations. Such signs are constant reminders reinforcing 
the safety message on a daily basis. Although the employer 
has responsibility to interpret and explain all \warning signs 
to employees, this Is particularly important tor go-wofkefs 
who do not read or understand English.

ATMOSPHERES
The characteristics of the more common heat-treating 
atmosphere gases are shown in Table 1. Five of the major 
constituents are flammable and four are toxic. All are 
asphyxiants in their gaseous form. Some guidance as to 
their effects is given below, but the user is recommended to 
read the safety data sheet for the relevant gas. These data 
sheets may be downloaded from BOC's specialist heat 
treatment web site at www.catweb.boc.com.
The proportions of these gases in heat-treating 
atmospheres vary widely. For example; some annealing 
applications may use 100% hydrogen; dissociated 
ammonia atmospheres contains 75% hydrogen; nitrogen/ 
methanol atmospheres for carburising contain above 33% 
hydrogen and 17% carbon monoxide; and some nitrogen- 
based mixturesfor bright annealing contain only one or two 
percent addition gases. Toxicity and flammability problems 
are not confined to the higher concentrations of hazardous 
material, but may be experienced even with relatively small 
proportions.

EXPLOSIVE RISKS
Any flammable mixture of gas and air can explode. The 
upper and lower limits of flammability, shown in Table 2, 
bracket what is usually referred to as the explosive range. 
Any mixture between the high and low limits of

Table 2. HammabfHty ranges.
Gas h2 CO ch4 nh3 CH3OH
%volume in air 4.0-74 12.5-74 5.3-14 15.0-28 6.7-36
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flammability will burn when ignited and, under certain 
conditions, explode or detonate. The destructive power of 
the pressure wave from an ignited flammable mixture 
depends on the amount of the fuel gas and its heat of 
combustion, the combustion mode and the geometry of the 
space containing the mixture2.
Low-density flammable gases, particularly hydrogen, can 
form a secondary hazard when not properly dealt with at 
the furnace exit Such gases can accumulate to form 
explosive mixtures in roof spaces or other high-level 
enclosed areas. The best solution to this problem is to 
dispose of the atmosphere gases completely, preferably by 
Combustion. If, however, this is precluded by poor furnace 
design or performance, ventilation of roof spaces can 
prevent accumulations forming. Possible sources of 
ignition, such as unprotected electrical equipment, should 
not be installed in such areas, even if ventilation js good. 
For this reason, effective natural ventilation is safer than 
forced ventilation by electric fan.
Because flammable atmospheres are often essential to tha 
operation of the process, the principal safeguard is to 
prevent air getting into the furnace enclosure. The basic 
safety requirement therefore is to maintain a positive 
furnace pressure with a continuous flow of atmosphere3. 
Further precautions need to be taken during the intro
duction or removal of a flammable atmosphere into or from 
the furnace to ensure that it cannot mix with air below the 
self-ignition temperature .
The explosive potential of flammable gases used In even 
small heat-treating furnaces is obviously an important safe
ty consideration. If heat treating is to be safe, the equipment 
and systems that handle these gases must be designed, 
dperatad and maintained to prevent the formation of 
explosive mixtures. Events leading to sUch dangerous 
accumulations can be subtle and elusive; therefore, it is not 
safe tjO rely on hurpen pperations alone to prevent them. 
Properly-designed safety systems, maintained to schedule 
and operated by well-trained and competent personnel, 
reduce the risks substantially.

INDETERMINATE ATMOSPHERES, HYDROGEN 
STRATIFICATION AND EXPLOSIVE RISKS
Where the use of a high proportion of flammable 
constituents is not actually required by the process, an 
indeterminate nitrogen-based atmosphere may be 
selected. Precautions must still be taken to ensure that a 
flammable mixture cannot be produced in any foreseeable 
circumstances3.
indeterminate atmospheres are defined as those that 
contain components (like H2) that. In their pure state, are 
flammable but, in the mixture used (diluted with non
flammable gases like N2 or Ar) are not reliably and 
predictably flammable3. It is true that uniform nitrogen/ 
hydrogen mixtures, with 2% to 6%H2, are not flammable 
but who could guarantee that the content of the mixture will 
always be the same or/and uniform?
A system can change from a uniform-concentration gas

TaM* 3. Molecular weights and densities of some gases used 
m heat treating.
Gas Hz n2 CO co2 Ar
Molecular
Weight 2.016 28.013 28.01 44.01 39.944

Densfty [Ih/fP] at 
70oF and latm 
(14,70 IbfAn2)

0.005209 0.07245 0.0725 0.1144 0.1034

Density [kgftn3] at 
21.1®C and
1 atm {1.0l3bar}

0.0834401 1.1605 1.161 1.833 1.656

mixture to a non-uniform-concentration gas mixture and, 
eventually, to stratification of two mixed gases of different 
molecular weights or specific gravities, without contra
dicting tha second law of thermodynamics. These changes 
take place over time. The actual system consists of real 
gases - nitrogen and hydrogen - in a gravity field. In a bell- 
type furnace, the uniformly-mixed and unmoving nitrogen 
and hydrogen mixture is only the initial state. In the final 
state, lighter hydrogen is stratified at the top of the inner bell 
and heavier nitrogen at the bottom in the same gravity field, 
ae a result of changes driven by the second law of 
thermodynamics.
Some explosions in batch and continuous furnaces could 
be explained by stratification due to the big difference in 
molecular weights and densities between hydrogen and 
other components of the furnace atmospheres, as shown in 
Tabfe 31. Hydrogen stratification could take place in static 
(unmoving} gas mixtures, especially in vertical containers 
without circulation. Further information on hydrogen 
stratification in gas mixtures has been published 
elsewhere4*5.
An example of the risks associated with hydrogen 
stratification and nitrogen/air diffusion could be the case of 
an explosion In a batch-type bell furnace with, an inner bell 
after incomplete nitrogen purging of an atmosphere of N2 + 
75%H2. It appears that nitrogen was replaced with air (after 
post-purging from 75%H2 to a little more than 4%H2 in N2) 
after the Inner bell had bean removed from the base and 
was sitting on the floor near the base. The bottom of the 
inner belt was opened and a|r (molecular weight: 28.975} 
gradually replaced N2 (molecular weight: 28.013}, by 
diffusion, while H2 (being much lighter, with a molecular 
weight of 2.016} accumulated on the top of the inner bell, 
standing in vertical position.
The investigation® suggested that the most probable cause 
of the explosion appeared to be a spark which ignited the 
air + hydrogen mixture in the inner bell that had been sitting 
for many hours near the base. According to the records and 
the calculation, hydrogen content was very little above 
4%H2. The unsafe practice had lasted for 15 years without 
any change and without explosions, until somebody had 
the unfortunate idea to repair the cracks by welding on the 
retort (inner bell) installed on the base. When the inner bell 
was installed back on the base and a welder started to 
repair some cracks, an explosion occurred.
In order to maintain safe operation of furnaces using 
nitrogen/hydrogen or hydrogen atmospheres, verify and 
apply the requirements of the NFPA 86C, Edition 19993. A 
burn-off pilot flame torch with glow-plugs should be 
installed at locations where the (N24'H2 or H2) atmosphere is 
coming out from the furnace.
One of the most vital checks for preventing fires and 
explosions of indeterminate atmospheres in belt-type 
furnaces is to make sure that the fan works and circulates 
the atmosphere. Also, after more than five inner volume 
changes by N2 purging and after removing the inner bell 
from the base, a flame torch should be used to make sure 
that no H2 is left on the top of the inner bell. As long as the 
inner bell is anchored and sitting on the base in a vertical 
position, no welding should be performed.

INSUFFICIENT HYDROGEN SAFETY DATA IN 
VACUUM FURNACES AND EXPLOSIVE RISKS
Hydrogen has a high thermal conductivity and is a better 
heating and cooling medium than nitrogen, argon or even 
helium. Low-density hydrogen reduces the power demand 
on the fan motor. Much less power is required to move a 
given volume of hydrogen when compared with argon or 
even helium. However, hydrogen is rarely used in vacuum
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furnaces at present because of safety fears. Little or no data 
currently exist on flammability limits at pressures lower 
than atmospheric pressure, even in the most compre
hensive publication on flammability limits7.
Some work on the flammability of hydrogen-air mixtures at 
pressures lower than atmospheric pressure (760mmHg) - 
down to 38mmHg - has begun at Solar Atmospheres 
Inc., Souderton, PA, USA. It may eventually lead to an 
understanding of the subject8.

GASES UNDER PRESSURE
The industrial gases used in heat treatment are stored 
under pressure. The sudden release of that pressure may 
cause serious damage to both people and equipment. Gas 
cylinders are a particular hazard and should always be 
properly restrained9.

BURMNG RISKS
Most furnaces operate on the principle that the volume of 
atmosphere gas leaving the entry/exit will be sufficient to 
bum in a controlled and uniform manner at the gas/air 
interface. For a number of reasons, the atmosphere gas in 
such a furnace may not burn off in this way. At such times, 
a combustible mixture of air and gas forms in the furnace 
throats or vestibules, bums rapidly, and forcefully exhausts 
flame and hot gases. Unprotected hands or faces in or near 
the furnace doors risk painful bums. While flashes of this 
type are potentially less destructive than explosions, they 
are unfortunately more common. Personnel who approach 
these areas without safety glasses, protective face shields, 
gloves and, perhaps, flameproof clothing, risk serious flash 
burns (Fig. V. Eyes are particularly sensitive to damage. 
Good operating procedures are effective in preventing such 
injuries. If safe methods are established and used for 
clearing jam-ups, inspecting the furnace's interior, 
removing the products from the furnace, and so on, the haz
ard is substantially reduced. One such potentiaily valuable 
aid in this context is the use of a nitrogen purge to remove 
all flammable gases from the area of operation before any 
intervention. Its use also has the secondary benefit of pro
tecting the load during the operation. However, the risk of 
asphyxiation (see below) must be recognised if this practice 
is to be employed. Alternatively, use, wherever practical, an 
indeterminate nitrogen-based atmosphere system, such as 
nitrogen with less than 5% natural gas and follow the rec
ommendations of the NFPA3. This atmosphere will not 
burn, if the concentration of the flammable component 
remains low and uniform.
A different type of burning risk is cold burns. Several of the 
industrial gases used in heat treatment (nitrogen, argon, 
helium and carbon dioxide) can be delivered to users as 
liquefied gases that are extremely cold. The liquid or even 
cold vapour or gas can damage the skin in a similar way to 
heat10. Unprotected parts of the skin coming into contact 
with uninsulated items of cold equipment may also stick 
fast to them and the flesh may be tom on removal. Frozen 
tissues are painless and appear waxy, with a pale yellowish 
colour. Thawing frozen tissue can cause intense pain. The 
immediate treatment is to loosen any clothing that may 
restrict blood flow and seek hospital attention for all but the 
most superficial injuries.

TOXICITY RISKS
The four most common toxic substances used in furnace 
atmospheres are, in descending order of toxicity, ammonia, 
carbon monoxide, methanol and carbon dioxide. The long- 
and short-term exposure limits for these materials are given 
in Table 411 and a brief description of the toxicity and 
associated symptoms for each follows:

Fig. 1. Typical safety equipment for a furnace operator. (Picture courtesy 
ofCatboHuJ

Table 4. Occupational exposure limits.

Gas
Long term 

(8 hour TWA value) 
volppm

Short term
(10 minute TWA value) 

vol.ppm

Ammonia 25 • 35

Carbon monoxide 50 300

Methanol 200 250

Carbon dioxide 5000 15000

Ammonia
Ammonia (Fig. 2) is a corrosive gas that attacks moist skin, 
mucous membranes and eyes. Severe exposure is unlikely 
except in confined spaces, as its pungent smell at 20ppm or 
more usually gives adequate warning12. lOOppm causes 
irritation of eyes and nose after a few minutes' exposure, 
and 700ppm severe eye and nose irritation. Effects are not 
permanent if the exposure is less than half an hour. 
Concentrations above 1700ppm cause serious coughing, 
bronchio-spasm, acute pulmonary oedema and asphyxia, 
fatal almost immediately; at these levels, death can occur 
within half an hour.

Carbon Monoxide
Carbon monoxide has 300 times the affinity of oxygen for 
combining with the haemoglobin of the red blood cells and 
this displacement starves the tissues of oxygen. Anoxia can
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rapidly occur from carbon monoxide at relatively low 
concentrations: 4000ppm or more is soon fatal13. Over 
lOOOppm for more than one hour can cause loss of 
consciousness, respiratory failure and death. 500ppm after 
an hour produces noticeable effects, including headache, 
nausea, irritability, increased respiration and weakness. 
lOOppm can be tolerated for eight hours without 
symptoms.
Although pure carbon monoxide is odourless, it is often 
generated together with other products of incomplete 
combustion, which have a characteristic smell. Although 
this smell may provide a useful early warning, the absence 
of any smell must never be considered to indicate a safe 
atmosphere.

Methanol
Methanol has narcotic properties. The main toxic effect is 
on the nervous system, particularly on the optic nerve, and 
may lead to blindness14. Very serious poisonous effects, 
including blindness, mental disturbance and ultimately 
death, have followed the ingestion of methanol by mouth. 
Inhalation of methanol vapour for prolonged periods can 
give rise to headache, irritation of the mucous membranes, 
lack of co-ordination and loss of consciousness. Methanol is 
eliminated slowly from the body and regular daily exposure 
may therefore result in accumulation of sufficient by
products in the body to have toxic effects.
Methanol can also be absorbed through the skin. A slight 
degree of skin contact is unlikely to have toxic effects but 
persistent contact causes degreasing and possibly 
dermatitis.
Partial oxidation1516 or/and dissociation1® of methanol can 
form formaldehyde, a colourless, strong-smelling gas. 
When present in the air at levels higher than O.lppm, it can 
cause watery eyes, burning sensations in the eyes, nose 
and throat, nausea, coughing, chest tightness, wheezing, 
skin rashds, and allergic reactions: It has also been 
observed to cause cancer in scientific studies with 
laboratory animals and may cause cancer in humans16. 
Methanol is fairly stable up to 450°C (842°F). However, in 
contact with catalysts such as iron, it starts to dissociate 
at 250-300°C {482-572°F) producing hydrogen and 
formaldehyde vapour, as shown in reaction (1):
CH3OH = H2 + HCHO <D
At higher temperatures, dissociation of formaldehyde 
proceeds to completion, giving an atmosphere containing 
hydrogen, some methane and oxides of carbon <CO and 
some COj)17- At higher temperatures than 774°C {1450°F| 
methanol dissociates mainly into hydrogen and carbon 
monoxide, as shown in reaction <2):

Fig.l Guarded and signed entry to underground area.

CH30H = 2H2 + C0 (2)
If methanol is injected into a heat-treating furnace in order 
to dissociate by reaction (2), the furnace temperature 
should be higher than 774°C <1450°F) to ensure that any 
formaldehyde also dissociates. Methanol is usually used in 
hardening and carburising at much higher process 
temperatures; this ensures the complete dissociation of 
methanol and formaldehyde.
Some applications use methanol dissociators, designed to 
dissociate methanol outside the heat-treating furnace, at a 
higher temperature than that of the process temperature. 
The dissociated methanol + nitrogen atmosphere could be 
applied in low-temperature annealing; for example, at 
720°C (1328°F)18.

Carbon Dioxide
Carbon dioxide, which is normally present in atmospheric 
air at a level of approximately 300ppm (0.03%), regulates 
breathing; an increase in concentration will increase the 
breathing rate. The DEL (Occupational Exposure Limit for 8 
hours) is BOOOppm (0.5%), but changes in breathing rate 
may not be noticed until there is a concentration of 
20,000ppm (2%), when the rate will increase to about 50% 
above normal. Exposure at this level for several hours may 
cause headache and a loss of concentration19.
A concentration of 15% soon causes unconsciousness, and 
may cause death after some hours' exposure, even when 
oxygen levels are not depleted. Very high levels can cause 
immediate loss of consciousness and rapid death. 
Symptoms indude rapid and gasping respiration, fatigue, 
nausea, vomiting, and cyanosis leading to loss of 
consciousness or death from anoxia. Carbon dioxide is 
odourless, so no smell gives warning of its presence, except 
at very high concentrations when a slight acidic pungency 
may be detectable.

ASPHYXIATION RISKS
All gases, with the exception of oxygen, are potentially 
asphyxiants; thus all gases used in furnace atmosphere 
applications must be treated with care in this regard. Air 
normally contains 21% oxygen. Whilst, in the case of a 
healthy person on short exposure, survival is possible in an 
atmosphere where the oxygen level has fallen as low as 
13%, nobody should ever be allowed to endanger their life 
by breathing such an atmosphere. Any atmosphere 
containing less than 18% oxygen is potentially dangerous. 
The insidious feature of oxygen deficiency is that it cannot 
readily be detected by the senses, and victims are usually 
unaware of the danger they are in and may even have a 
feeling of well-being. This effect can occur when the oxygen 
level has been depleted to 20% and this should therefore be 
considered the minimum exposure level, even for relatively 
short durations20. When working in areas where oxygen 
may be depleted, use the "buddy system" and never work 
alone. Be sure everyone in the department is aware of what 
is being done, and what action to take in an emergency, and 
checks periodically that everything is okay.
In general, furnaces are rarely sited in confined spaces that 
would allow gases leaving the furnace to accumulate and to 
lower oxygen levels significantly. However, care must be 
taken with any restricted space to ensure adequate 
ventilation and/or extraction of furnace gases. More of a 
problem are enclosed spaces below ground level, such as 
quench-tank pits under furnaces (Frg. 3) and low-level 
discharge areas, where gases may accumulate to 
dangerous levels. It is strongly recommended that, before 
entering such an area, an oxygen meter (as well as the 
toxic-gas detector to mitigate against the accumulation of 
toxic gases) is lowered into the area and that workers wear
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personal oxygen alarms during their stay. A warning sign 
should be pieced at the entrance to the area setting out the 
procedure for entry. Such areas are particularly dangerous 
where dense gases such as argon or carbon dioxide are in 
use or where cold gases are used or stored.
The furnaces themselves constitute a second potential 
problem. Large furnaces are often entered for maintenance 
work.. Electrical power must be shut off (lock-out/ tag-out 
procedures should he used) and care must be taken to 
ensure they are thoroughly ventilated prior to entry. Even 
then, pockets of gas may remain; so testing prior to entry 
and the use of personal oxygen monitors are recom
mended, even when the furnace has been unused for some 
time. Refractory insulation can absorb gases and 
subsequently release them slowly over time. A once-safe 
area may become hazardous or even life-threatening. 
Constant monitoring of the environment and a fresh-air 
supply are critical, It is also necessary to Isolate and lock off 
the furnace from its atmosphere gas supply by breaking the 
pipework during maintenance.

FIRST-AID
In cases of asphyxiation or the inhalation of any dangerous 
gases, the victim must be removed immediately to an 
uncontaminated area. The potential rescuer must first 
ensure that the atmosphere in the area to be entered is safe 
to breathe and, if not, take suitable precautions such as the 
wearing of breathing apparatus. It is particularly important 
that this requirement is enshrined in the shop safety 
manual (cf. safety manuals) and that such procedures are 
regularly practised. Ensure that there is no obstruction to 
the victim's airway. If breathing is weak or has stopped, 
apply artificial ventilation with simultaneous administration 
of oxygen, preferably using an oxygen resuscitator. 
Summon an ambulance. Keep the victim warm and rested. 
In addition, it is important to note that ammonia and 
methanol can cause eye and skin problems. In these cases, 
thoroughly irrigate the affected area for at least 15 minutes 
and remove any contaminated clothing.

REGULATIONS AND STANDARDS
There are many regulations and standards that have an 
impact on safety in the heat treat shop. A number of nation
al and international standards are listed in Table 5. Each 
country or group of .countries has its own standards but 
there are common themes between them. While it is 
possible to list these common requirements, they should 
not be relied upon in any particular case and it is 
recommended that the relevant sections of the local 
standard be consulted directly.
The main requirements common to many of the standards 
are:
1. All atmospheres containing a flammable component 

are potentially flammable.
2. When the furnace temperature is above (1400°F),

a flammable atmosphere gas may be Introduced or 
removed, either by the "burn-In/bum-oyt" method or 
the "purge-in/purge-out" method using an inert gas.

3. Indeterminate atmospheres shall be treated as 
.flammable atmospheres with the following considera
tion: where one special atmosphere is replaced with an 
atmosphere (e.g., flammable with non-flammable) that 
can cause the atmosphere to become indeterminate at 
some stage, bum-in or burn-out procedures shall not 
be used. Inert gas purge procedures alone shall be used 
for introduction and removal of special processing 
indeterminate atmosphere3.

4. When the furnace temperature is below 760°C (1400°F), 
a flammable atmosphere gas must only be introduced

Table 3. National and International safety standards.
j Country) 

Group
Publishing
organisation StAftdarti Web Site

USGovsmnnent OSHA Regulations & Publications 
EPA Regulations 6 Publications

www.ggha.gov
www.gpa,gov

88(1990) -Standard for Ovens 
and Furnaces

USA National Rib 
Protection 
Association 
(NFPA)

860(1991)-Standard for
Industrial Furnaces Using a
Special Atmosphere www.nfpa.org

860(1995)-Standard for
Industrial Fume css Using
Vacuum as an Atmosphere
EN 746-1:1997 Industrie 1 
Tliormoprocessing Equipment. 
Common Safety Requirements 
for Industrial Thermoprocessing 
Equipment

EN 746-21997 Industrial
Therm uproceaslng Equipment 
Safety Requirements for 
Combustion and Fuel Handling 
Systama

Europe

European 
Committee for 
Standardisation 
(CEN)

EN 7*6-3:1997 Industrial 
Thermoprocessing Equipment. 
Safety Requirements for tha 
Generation and Use of 
Atmosphere Gases

www.cenoim.be/
catwab/

EN 746-6:2000 Industrial 
Thermoprocesslng Equipment. 
Particular Safety Requirements 
for Salt Bath Thermoproeosslng 
Equipment
EN748-8;2000 Industrial
Tberm oprocossin g Equipment. 
Particular Safety Requirements 
for Quenching Equipment

Australia
The Australian 
Natural Gaa 
Industry (AGA)

As 3814/Ag 561 Industrial and 
Commercial Gas-Fired
Appliances

www.gas.asn.au/

South
South African 
Bureau of

SABS 0106:2001-Tha 
dassifreatfon of Hazardous 
Locations and Ilia Selection of 
Apparatus for Use fn Such 
Locations

www.sabs.co.zaAfrica Standards
(SABS)

SABS 089-1:1999-Tha Petroleum 
Industry Part 1: Storage and 
Distribution Of Petroleum
Products in Above-Ground Bulk 
Installetlona

by the "purge-in/purge-out" method using an inert gas.
5. Flammable gases must not be introduced into a furnace 

until a source of ignition is present at all exits. 
Atmosphere flowrate must be sufficient to maintain a 
stable burn-off under all conditions.

6. Sufficient flow of atmosphere gas must be ensured at 
all times to maintain furnace pressure and prevent air 
getting in. There must be visual indication of the 
atmosphere flowrate, and an alarm to signal abnormal 
flow conditions,

7. A sufficient inert gas purge must be available auto
matically should any potentially dangerous situation 
occur. The flow of this purge must be monitored in the 
same way as the atmosphere gas flow. A manually- 
initiated purge flow must also be available.

8. Design of systems must ensure that sufficient purge 
gas is always available from either liquid nitrogen or 
PSA {pressure swing adsorption) nitrogen generators.

9. The automatic safety purge must be initiated in the 
event of power failure, loss of carrier gas flow, or if the 
furnace temperature falls below 750°C {1382°F), In 
addition, safety shut-off valves must be provided such 
that all addition gases and flammable carrier gases are 
cut off when the purge starts and require manual 
intervention to re-establish their flow when all safety 
conditions have been satisfied.

10. Any potentially dangerous situation should result In an 
audible and visual alarm.
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11. Easily-accessible isolation valves must be provided at a 
safe distance from the furnace.

12. Flammable liquids must not be introduced into furnace 
zones where the temperature is less than 750C1C 
(1382°F),

13. Pipelines are constructed to a standard suitable for the 
gas or liquid to be carried.

CONCLUSION
The atmosphere heat treatment shop is a potentially 
dangerous place. The major weapons in the fight to 
minimise those dangers are awareness of the risks and the 
design of atmosphere systems to minimise them. The first 
can be developed by adequate training of both manage- 
ment and operators and the second by the application of 
the highest safety standards available. It should be pointed 
out that no safety publication could guarantee the 
elimination of accidents. Technology and equipment in this 
area are under constant development There is no 
substitute for competent engineering judgement, con
tinuous and adequate training, and application of the most 
updated safety standards.
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Non-toxic alternatives to dissociated ammonia for furnace atmospheres

P F Stratton and A Matas
BOC Gases, Sheffield, United Kingdom

Abstract

The heat treatment industry has long used cracked ammonia 
as a source of hydrogen. However, the high toxicity of 
ammonia and increasing legislative pressure on its storage 
have made it less attractive over recent years. The alternative 
of using pure hydrogen may appear less cost effective at first, 
but its advantages in terms of flow and compositional 
flexibility can often reduce the total cost of using it below that 
of ammonia. This paper describes some of the properties of 
ammonia and the legislative framework in the US for storing 
it. It also describes how pure hydrogen is delivered and used 
in furnace atmospheres to get the maximum benefit from its 
properties.

Problems with Ammonia?

Ammonia dissociated over a catalyst at around 900°C gives a 
75% hydrogen/25% nitrogen mixture, which has long been 
used to provide highly reducing protective atmospheres for 
heat treatment. Although it is generally effective as a 
protective atmosphere, this mixture has some undesirable 
characteristics, as does the ammonia from which it is made.

While fully dissociated ammonia is not toxic, ammonia itself 
is highly toxic. Ammonia is a corrosive gas that attacks moist 
skin, mucous membranes and eyes. Severe exposure is unlikely 
except in confined spaces, as its characteristic smell at 20 ppm or 
more usually gives adequate warning of its presence. 100 ppm 
will irritate the eyes and nose after a few minutes’ exposure, and 
700 ppm causes severe eye and nose irritation. There arc no 
permanent effects if exposure lasts less than half an hour. 
Concentrations above 1700 ppm cause serious coughing, 
bronchio-spasm, acute pulmonary oedema and asphyxia, which 
is almost immediately fatal; at these levels death can occur 
within half an hour.

Both ammonia and dissociated ammonia are highly 
flammable. While a similar mixture of pure gases is equally 
flammable, such a mixture is not often required. For many 
materials a non-flammable nitrogen/hydrogen atmosphere

Figure 1. Ammonia cylinder installation

Producing dissociated ammonia can be expensive. Firstly 
there is the capital cost of the generator, which must be 
manufactured from materials able to withstand highly 
corrosive ammonia gas. Then there is an additional cost to 
heat the ammonia to its cracking temperature to supply the 
dissociation energy, and to cool it back to room temperature. 
Each 100 m ' of dissociated ammonia requires approximately 
318 kWh of electrical energy for vaporization and cracking 
plus 1000 litres of water for cooling.

Other intrinsic disadvantages of generators are the need to get 
the generator to the operational temperature before gas can be 
produced, and an output limited to the maximum output of the 
generator. These factors can reduce productivity by delaying 
production at the start of a working period and limiting the 
purging rates that reduce cycle times.

It is well known that if an ammonia dissociator is not 
functioning at full efficiency, some uncracked ammonia risks 
being carried over into the furnace. While such an occurrence 
is not a significant problem for many products, for some



materials such carry over can be extremely damaging to the 
load. This applies particularly to stainless steels, which are 
sensitive to nitriding, and copper alloys that are sensitive to 
corrosive attack, but it is often difficult to detect.

Because of its toxicity and flammability, ammonia storage and 
use are facing increasing regulation in many countries. To 
quote the U.S. Department of Labor Occupational Safety and 
Health Administration, “OSHA believes that the release of 
anhydrous ammonia from a workplace process containing a 
TQ (threshold quantity or greater amount of highly hazardous 
chemicals such as 10,000 pounds (4535.9 kg) or more of NHj) 
or greater amount presents a potential catastrophic situation 
including potential exposure of employees and therefore is 
covered by the PSM (Process Safety Management of Highly 
Hazardous Chemicals, 29 CFR 1910.119) standard.” Under 
the Environmental Protection Agency Superfund Amendment 
and Reauthorization Act Title III regulation is even more 
severe with ammonia designated an extremely hazardous 
substance. The Act requires emergency planning if more than 
500 pounds (227.3 kg) is stored, notification of LEPC, the 
SERC and the National Response Center if more than 100 
pounds (45.5 kg) is released, plus community right-to-know 
and toxic chemical release reporting.

Alternative atmospheres

Since high purity liquid nitrogen became generally available 
in most western countries in the 1960s, it has been widely 
used as the basis for protective atmospheres for heat 
treatment. To be effective in most applications high purity 
nitrogen must be mixed with a reducing gas, usually hydrogen 
(Figure 2). These BOC atmosphere systems have some 
significant advantages over atmospheres generated on site 
either from fuel gases or from ammonia as discussed above.

Figure 2. BOC hydrogen installation

The pure gases that arc mixed on site to produce the 
protective atmosphere are stored either as cryogenic liquids or 
compressed gases. The only limit to flow is the size of the 
pipework, and turn down is infinite. Ambient temperature 
vaporizers can be used even in the coldest winter, so no power 
is required and there are no moving parts. The atmosphere 
components are delivered to site in bulk road tankers (Figure 
3) and sufficient gas is usually stored on site for a week’s 
processing. This flow flexibility means that batch furnaces 
can be rapidly purged when required and low flows can be 
used during cooling cycles without waste. For continuous 
furnaces, flow can be boosted when doors are open and lower 
flows used for most of the time when less gas is needed to 
maintain furnace pressure.

Figure 3. A BOC nitrogen delivery tanker and storage tanks

Recommended atmospheres

In the treatment of any product the most basic function of the 
furnace atmosphere is protection from oxidation. The 
presence of only a few parts per million of oxygen will 
oxidize almost any metal at its annealing temperature. Even 
the highest purity commercially available nitrogen contains 
one or two parts per billion of oxygen, and more enters from 
the inevitable furnace leaks. To ensure a bright product this 
oxygen is therefore reacted with an active gas such as 
hydrogen.

V2O2 + II2 —> H2O [ 1 ]

The oxidation potential of the resulting atmosphere is thus 
related to the H2:H20 ratio. The higher the ratio, the more 
reducing the atmosphere. The oxidation boundaries of 
various metals are shown in Figure 4. Thus if the atmosphere 
composition is above the line the oxide will be reduced, and 
below the line the metal will be oxidized. The component of



the system that requires the most reducing atmosphere must 
be considered to be the critical element. However, for most 
practical purposes, elements with concentrations below 1% 
can be ignored, as they do not form continuous oxide films.
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Figure 4. The oxidation boundaries of various elements

Figure 4 shows that for many materials the HjiHjO ratio 
required to keep the material bright rises as the temperature 
falls: the cooling zone is therefore the most critical part of a 
continuous furnace. However if a flammable gas is added to 
counter the effect and is allowed to bum off at the exit, there 
is a risk of product being oxidized as it passes through the 
flame front. Such problems are best avoided, either by using 
a non-flammable atmosphere or ensuring that any flammable 
component is diluted below its flammable limit before the 
exit.

Alloys are harder to oxidize than pure metals, depending on 
the activity of the alloying element. The activity of a minor 
clement of an alloy can sometimes be crudely approximated 
by its concentration, which is used to deduce the required 
H2:H20 ratio. Thus for a 300 series stainless steel containing 
18% chromium, the ratio to prevent oxidation at 700°C is 
roughly 0.18 x 105, rather than the 1 x 105 predicted in Figure 
4. To reduce any pure oxide of chromium would require a 
ratio above 10s as, in practice, it is easier to prevent oxidation 
of alloys than to reduce the oxides once they are formed.

Any conclusions from Figure 4 must be drawn with caution, 
particularly below about 300°C, since equilibrium conditions 
may not apply. What occurs in practice is related more to 
reaction rates and availability. At low temperatures non
equilibrium oxides may form, particularly when little oxygen 
is present. At lower temperatures the most abundant rather 
than the most active constituent of alloys tends to form oxides 
first.

The protective atmospheres concept therefore uses an inert 
gas with sufficient hydrogen to prevent adventitious oxygen, 
originating from air leaks, from oxidizing the work. Some 
typical atmospheres are shown in Table 1.

These atmospheres are produced by mixing gases from 
independent sources, so any mixture is possible, from 100% 
nitrogen to 100% hydrogen. In batch furnaces, it is also 
possible to change the atmosphere during the cycle. One 
example might be to purge with nitrogen during the initial 
heating period, switch to nitrogen/5% hydrogen for the 
remainder of the heating cycle to hydrolyze lubricants, reduce 
the hydrogen to 2% during the hold at temperature and the 
initial cooling period and finally cool under pure nitrogen. 
Such cycles minimize atmosphere cost and give the optimum 
product quality.

Table 1. Some typical protective atmospheres^
Material Atmosphere
Copper Nitrogen / 2% hydrogen
Mild steel Nitrogen / 2-4% hydrogen
Bronze Nitrogen / 5% hydrogen
Brass Nitrogen / 25% hydrogen
Stainless steel Nitrogen / 50% hydrogen
High chromium allo^s^ ^I^droger^

In another example, a high convection bell furnace (Figure 5) 
is first purged with nitrogen to remove the air, then 100% 
hydrogen is introduced. The hydrogen conducts heat from the 
retort to the load more quickly than nitrogen so heating times 
are reduced. At the end of the cycle, heat is conducted back 
from the load to the retort and cooling time is also much 
shorter. This dramatically reduces the total cycle time and 
improves productivity, in one example increasing bell furnace 
throughput by 26% and reducing costs by 11%. The 
hydrogen is finally replaced with nitrogen before the bell is 
opened.

Figure 5. Ebner HICON/H2 bell furnaces (picture courtesy of 
Ebner Industrieofenbau)

Exactly analogous effects can be created in continuous 
furnaces using BOC’s atmosphere zoning technology (Figure



6). In this case the composition is varied along the length of 
the furnace rather than with time. This technology allows 
high hydrogen levels in the hot zone of a furnace and a non
flammable atmosphere at the exits. This has the obvious 
advantage of avoiding tarnishing product by passing it 
through a flame curtain at the exit.

N2+ h20

1 j

w- V - - - ^ 1113
Preheat Hot zone Cooling zone

Figure 6. Schematic of BOC s atmosphere zoning technology

Flexibility in the atmosphere composition is not, of course, 
limited to the use of nitrogen and hydrogen. Hydrocarbon can 
be added to processes that require control of carbon potential. 
Argon may be used for nitrogen-sensitive materials, while for 
applications where lubricant is a problem on incoming work 
in continuous furnaces, water vapor is injected at the furnace 
entry to react it away.

In many cases nitrogen/hydrogen atmospheres can be cheaper 
than dissociated ammonia. For example, in annealing 
copper/silver alloys, dissociated ammonia can be replaced by 
nitrogen/2% hydrogen. In addition, taking advantage of both 
flow rate and compositional flexibility can reduce overall flow 
and the proportion of expensive components, bringing down 
the overall costs.

All the equipment used for BOC atmosphere systems is 
designed to the highest safety standards and an inert gas purge 
is always available. The requirements of the NFPA 86 safety 
standard may be summarized as follows:

1. All atmospheres containing a flammable component are 
potentially flammable.

2. When the furnace temperature is above 760°C 
(1400°F), a flammable atmosphere gas may be 
introduced or removed, either by the “burn in/burn 
out” method or the “purge in/purge out” method 
using an inert gas.

3. Indeterminate atmospheres shall be treated as 
flammable atmospheres with the following 
consideration. Where one special atmosphere is 
replaced with an atmosphere that can cause the 
atmosphere to become indeterminate at some stage 
(e.g., flammable with non-flammable), bum in/bum out 
procedures shall not be used. Inert gas purge 
procedures alone shall be used to introduce and remove 
special processing indeterminate atmospheres.

4. When the furnace temperature is below 760°C 
(1400°F), a flammable atmosphere gas must only be 
introduced by the “purge in/purge out” method using an 
inert gas.

5. Flammable gases must not be introduced into a furnace 
until a source of ignition is present at all exits. 
Atmosphere flowrate must be sufficient to maintain a 
stable bum-off under all conditions.

6. Sufficient flow of atmosphere gas must be ensured at 
all times to maintain furnace pressure and prevent air 
getting in. There must be a visual indication of the 
atmosphere flowrate, and an alarm to signal abnormal 
flow conditions.

7. A sufficient inert gas purge must be available 
automatically should any potentially dangerous 
situation arise. The flow of this purge must be 
monitored in the same way as the atmosphere gas flow. 
A manually initiated purge flow must also be available.

8. Design of systems must ensure that sufficient purge gas 
is always available, from either liquid nitrogen or 
nitrogen generators.

9. The automatic safety purge must be initiated in the 
event of power failure, loss of carrier gas flow or a drop 
in the furnace temperature to below 750°C (1382°F). 
In addition, safety shut-off valves must be provided to 
cut off all added gases and flammable carrier gases 
when the purge starts. They must require manual 
intervention to re-establish their flow when all safety 
conditions have been satisfied.

10. Any potentially dangerous situation should set off an 
audible and visual alarm.

11. Easily accessible isolation valves must be provided at a 
safe distance from the furnace.

12. Flammable liquids must not be introduced into furnace 
zones where the temperature is less than 750°C 
(1382°F).

13. Pipelines must be constructed to a standard suitable for 
the gas or liquid to be carried.

The risk of exposure to toxic components of generator-based 
gases such as ammonia and carbon monoxide are eliminated 
in most applications because these components are not present 
either in the source gases or furnace atmosphere.

Conclusions

Protective furnace atmospheres derived from ammonia as 
increasingly under threat. This threat is due not only to the 
potentially catastrophic effect of an ammonia release but also 
to the potential benefits of using atmospheres manufactured 
by blending pure gases. The flexibility of BOC atmosphere 
systems in terms of both composition and flow rate, combined 
with their safety and reliability, makes them an attractive 
alternative to dissociated ammonia.
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Autoclaves are widely used to process high 

performance polymer composite materials 

at high temperature and pressure. In the 

past pressurisation was conventionally 

achieved by the use of compressed air 

systems. However, the risk of fire with air 

pressurisation has led to the widespread 

adoption of nitrogen as the pressurising 

medium, particularly in the aerospace and 

motor racing industries. BOC Gases has 

developed a range of nitrogen-based supply 

schemes to meet the production demands 

of the composites manufacturer. Nitrogen 

supply schemes use three basic modes of 

supply: liquid nitrogen, and on-site 

noncryogenic generation by either 

pressure swing adsorption or membrane- 

based systems.

This booklet describes these options in 

detail. The factors to be considered in 

deciding the best option for a given user are 

discussed, particularly the demand pattern 

and the final oxygen required. In general 

terms on-site noncryogenic generation 

systems are cheaper per unit volume of 

gas produced but offer less flexibility than 

liquid nitrogen.



Introduction Advanced composite materials are now widely used in industry. Their advantages
over more conventional materials include high strength-to-weight ratio, high chemical 
resistance and ease of shaping and styling. This has led to these materials being used 
extensively in areas where safety, fuel savings and dimensional accuracy are important. 
Autoclaves are widely used to process high performance polymer composite materials 
at high temperature and pressure.

In the past compressed air systems were conventionally used to achieve 
pressurisation. However, in recent years, there has been a significant move towards 
the use of nitrogen to provide an inert atmosphere within the autoclave during the 
process and thus improve process safety by eliminating the risk of fire.

BOC Gases has developed a range of nitrogen-based supply schemes to meet the 
production demands of the composites manufacturer. These range from schemes 
based on high purity cryogenic liquid nitrogen through to those based on lower 
purity on-site generated nitrogen supplied by pressure swing adsorption or 
membrane technology.

Why use nitrogen? When air is used as the pressurising medium, there is always some risk of a fire
occurring within the autoclave. In extreme cases, explosions have been known to take 
place. It is difficult to attribute causes to the fires but some suggestions have been;

■ Electrical short/static
■ Flammable material in the autoclave
■ Incorrect selection of vacuum bag materials
■ Solvent vapours escaping from a ruptured vacuum bag
■ Unfiltered/poorly filtered air resulting in dust build-up
■ Out-of-control exotherms, especially in large components

Although fires in autoclaves are not commmonplace, when one does occur it can 
cause significant financial loss through damage not only to the component and tool 
being processed but to the autoclave itself. The use of inert nitrogen instead of air 
eliminates the risk of fire in the autoclave and has therefore been widely adopted, 
particularly in the aerospace and motor racing industries.

Nitrogen supply options Liquid nitrogen
The traditional method of supply of nitrogen to inert autoclaves processing advanced 
polymeric composites is as a high purity cryogenic liquid. The liquid nitrogen is stored 
on site at -196°C in a vacuum insulated vessel (Figure 1). A separate vaporiser 
converts this liquid into gas at the working pressure required for the operator's 
process. This supply pressure, which can be up to 2MPa, is controlled by an 
automatic gas pressure raising system. The vaporiser is sized to suit the flowrate 
and demand pattern of the autoclave operation. For most applications, ambient 
air vaporisation is used. However, for higher flowrates, forced draught air, steam 
or electric vaporisers can be employed giving an overall nitrogen flow range of 
50-4200 m3/h.

In most locations throughout the world the liquid nitrogen can be supplied by road 
tanker from a nearby BOC Gases plant and can be used for most small to medium
sized autoclave operations without the need for high pressure buffer storage or 
booster compressors. The system is simple to operate, reliable and virtually 
maintenance free. In addition BOC Gases offers Tel-Tank, a sophisticated telemetry 
system for gas system management, ensuring that supplies are always available. For 
very large autoclave operations where high volumes of gas are required, it may be 
necessary to install a system which incorporates liquid nitrogen pumps and nitrogen 
buffer storage or to generate the high purity nitrogen on-site.



Figure 1: A typical liquid nitrogen storage facility

Pressure swing adsorption
The principles of operation of pressure swing adsorption (PSA) nitrogen generation 
are very simple. Clean, dry compressed air is passed through a bed of carbon 
molecular sieve which adsorbs the oxygen, allowing the nitrogen to be passed onto the 
process. When the bed is saturated with oxygen, the pressure is released within the 
bed and the adsorbed oxygen vented to the atmosphere. Two beds of carbon sieve are 
used, one producing nitrogen while the other is venting. This cyclic operation ensures 
a continuous supply of gas. Figure 2 shows the elements of a PSA system.

Figure 2: The elements of a PSA system
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The PSA separation process is not 100% efficient and some oxygen remains in the 
nitrogen. A typical analysis of noncryogenically generated nitrogen is shown in Table 1. 
The level of impurity can be adjusted to suit the process requirements but production 
cost increases with increasing purity.

Table 1: Typical output from a BOC Gases 
noncryogemc nitrogen generator

Oxygen 3% to 0.05%

Moisture Dewpoints -70<’C or <2 vpm H20

Carbon dioxide <0.2 vpm

Hydrocarbons Not detected

Nitrogen (with »0.8% argon) Balance



A standard PSA system (Figure 3) consists of the following major components:
■ Air compressor - Source of compressed air
■ Filtration and air receiver - Smooths and cleans the air flow between the air 

compressor and PSA skid
■ PSA skid - Contains two beds of carbon molecular sieve, associated pipework and 

control system
■ Nitrogen receiver - Matches the PSA nitrogen flow to downstream demand and 

allows product mixing to achieve a uniform purity

Membrane
At the heart of membrane noncryogenic air separation technology is a semi- 
permeable hollow fibre membrane. The membranes are manufactured from a polymer 
which permits some gases to permeate through it more rapidly than others. In 
operation preconditioned compressed air is fed down these semi-permeable fibres. 
Oxygen and other gases permeate the membrane walls and are discharged as by
products. Nitrogen, which permeates more slowly, flows along the fibres and is 
collected as a separate product stream. The fibres are finer than a human hair, 
enabling a large number to be assembled in parallel in a single membrane module.
This provides a large surface area which results in a high volume product stream. The 
main components of a standard membrane system are the same as those for a PSA 
system, with the membrane unit replacing the PSA (Figure 4).

System specification Any nitrogen supply scheme which is to be both economical and practical for a given
autoclave operation must take into account final oxygen level and the nitrogen 
demand pattern.



Economics
One of the factors affecting the choice of nitrogen supply methods is economics. In 

most operations noncryogenic plants offer a lower product cost than a liquid nitrogen 
supply but the liquid nitrogen option offers flexibility, low maintenance, purity and 
ease of operation. Nitrogen with a maximum 3% oxygen impurity is typical for an 
autoclave application. At this level of nitrogen purity, both noncryogenic systems 
produce nitrogen at a similar unit cost. If higher purity is required then, with the 
present technology, a PSA nitrogen generator will produce the lower cost nitrogen. It 
is possible, for small or medium size operations with a low to medium utilisation, 
that, due to the high capital costs of the noncryogenic plant, liquid nitrogen supply 
will be the lower cost option. However, for medium to large operations with a high 
utilisation, a noncryogenic system will always offer lower costs.

Final oxygen level
The final oxygen level in the autoclave must be such that there is no risk of fire. For 
epoxy resins, for example, the final level of oxygen after pressurisation must be less 
than 6%. This level was arrived at following discussions with advanced composite 
manufacturers and using experience gained on inerting applications within the 
chemicals industry. With other resins, particularly those which need to be processed 
at higher temperatures, lower final oxygen levels will be required.



To achieve the final oxygen level, it might be necessary to pre-purge the autoclave 
before it is pressurised for the cure cycle using either the pre-pressurisation or 
continuous flow methods. With high purity liquid nitrogen pre-purging is not always 
required. However, with noncryogenic systems, which may be supplying lower purity 
nitrogen, pre-purging will be required for most operations. The oxygen level in the 
noncryogenic nitrogen must be specified to ensure that the required final oxygen level 
can be achieved.

Nitrogen demand pattern
In a typical autoclave operation, pressurisation takes place over, say, five to ten 
minutes. Thus a large volume of nitrogen is required in a short period to meet the 
specified pressurisation rate and the flow rate is high. For example, an autoclave 
which has a water volume of 25 m3 and needs to achieve 0.7MPa in 10 minutes, will 
require a nitrogen flow of 1050 m3/h. In a multiple autoclave operation a number of 
autoclaves could demand pressurisation simultaneously and the supply scheme has to 
be capable of providing the required peak flow of nitrogen.

For most autoclave operations, a liquid nitrogen system can meet the peak flow 
demand pattern using the appropriate vaporisation system. With PSA or membrane 
however, it would be impractical to supply a plant capable of meeting a high peak flow 
demand, the plant output being disproportionate to its utilisation and therefore 
uneconomical. To cater for peak flow requirements, a noncryogenic scheme will need 
to incorporate a booster compressor and high pressure receiver(s) sited downstream 
of the noncryogenic plant.

Because the specification of the nitrogen supply scheme, liquid or noncryogenic, is 
critical to the economics of the autoclave operation, BOC Gases has adapted the 
Witness software package to simulate any given autoclave operation. This visual 
interactive software is used to assess the effect that modifying operating parameters 
might have on the ability of the system to supply a given autoclave operating pattern. 
Such parameters could include noncryogenic plant output, receiver storage pressure, 
or buffer storage volume. Using Witness, all the major components of the system can 
be specified to provide a nitrogen supply scheme which will meet all production 
requirements at the minimum operating cost.

Customer experience BOC Gases has a number of customers using liquid or noncryogenic nitrogen to
provide an inert pressurising atmosphere in autoclaves being used to process 
advanced composite materials.

Figure 5: A nitrogen pressurised autoclave 
at Aerovac Systems Ltd



Aerovac Systems (Keighley) Ltd, which supplies silicone rubber vacuum bags and 
consumable products for the processing of advanced composites, has installed a liquid 
nitrogen supply to feed its LBBC autoclave. Aerovac decided to use nitrogen because 
a non-oxidising atmosphere was required for processing silicone rubber. Nitrogen also 
improves quality and reduces the danger of fire in the autoclave. Liquid nitrogen was 
chosen for this operation because of its low capital cost, low maintenance 
requirement and ease of operation.

Williams Grand Prix Engineering installed an on-site PSA nitrogen generator to supply 
three autoclaves, two existing and one new Scholz autoclave. The two existing 
autoclaves had been fed from a liquid source, but with the addition of the Scholz unit, 
and the increased utilisation of the advanced composite operation, the PSA-based 
system, which supplies nitrogen at 97% purity, was able to reduce the overall 
operating nitrogen cost. This system was supplied on a rental basis with all the 
servicing and maintenance requirements carried out by BOC Gases. More recently 
Williams GPE have moved to a new state-of-the-art facility and installed a further 
Scholz autoclave which operates on the PSA system.

Hawker De Havilland, Australia's largest aircraft manufacturer, beat the worldwide 
competition to win the contract for the carbon fibre composite flight elevators of the 
Boeing 777. These 11 metre long, 1.7 metre high components are cured in one of the 
largest autoclaves in the southern hemisphere, 4.6 metres in diameter and 13.5 
metres working length. Nitrogen from a liquid source is used for pressurisation to 
avoid degradation of the oxygen-sensitive resin used for the components and to avoid 
the risk of fire. As pressurisation up to 800kPa is required in 20 minutes for a range 
of components, BOC Gases designed the supply system to deliver gas at a flow rate 
of 9000 cubic metres per hour at pressures of up to 1200kPa. To achieve this 
performance the ambient vaporisation system used to supply previous smaller units 
was replaced by a hot water bath vaporiser.

Hamble Advanced Composites Ltd, a major aerospace component manufacturer, 
installed its second membrane system to supply nitrogen to a new LBBC autoclave 
which has a free volume of 120m3. This new membrane system supplements the 
original plant which was supplied to feed nitrogen to two Scholz autoclaves. Each 
membrane system is completely independent of the other but, should a fault occur in 
either membrane piant, the operational unit could supply nitrogen to all the nitrogen 
buffer storage. This gives operational flexibility and security of supply which ensures 
that product is always available and production is not interrupted. As with the PSA 
system at Williams Grand Prix Engineering, the membrane systems have been 
supplied on a rental basis with all servicing needs met by BOC Gases.

Safe use of nitrogen The use of nitrogen within any confined space has to be done in a safe and

responsible manner. For any autoclave using nitrogen, to prevent exposure to lack of 
oxygen, entry to the autoclave should be prohibited unless it has been certified as 
safe by a responsible person.

All manufacturers now have systems which will not allow the autoclave door to be 
opened until the oxygen level in the autoclave is safe for entry, To supplement this, 
there is now available a wide range of personal and area oxygen monitoring 
equipment which can be used to ensure that it is safe to enter a confined space or 
work area.

BOC Gases supplies all customers with comprehensive literature which details the 
hazards of oxygen deficiency and preventative measures to avoid an oxygen deficient 
atmosphere.



Conclusion The use of nitrogen as the pressurising medium in the autoclave processing of 
polymeric composite materials reduces the overall cost of the operation by 
eliminating the losses caused by fire and explosion. Either high purity liquid or lower 
purity noncryogenically generated nitrogen can be employed. The optimum choice of 
nitrogen source and the sizing of the installation varies widely depending upon the 
product to be processed, the operating parameters and the flexibility required.
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SPUTTERED PET BOTTLES FOR HIGH BARRIER

P F Stratton and C Moore BQC Ltd (UlO

Abstract

Using a sputtered polymeric film, the gas barrier properties of a 
sub stoichiometric zinc oxide coating on OPP, PET AND OPET 
were determined by standard methods. Significant improvements 
were found in the barrier properties for water vapour and oxygen. 
By changing tne thickness and stoichiometric ratio of the zinc 
oxide, the light transmission properties could be controlled and the 
photodegradation of quinine solutions in bottles significantly 
reduced.

Actual bottle tests showed a significantly higher level of 
carbonation retention in the ZnO coated compared with PVdC 
coated bottles. Low production coating rates for bottles would be 
possible on a batch vacuum system and very much higher rates 
using a semi continuous bottle jig and vacuum locking system.

The Authors

Paul Stratton is Manager and Colin Moore is Senior Principal 
Technologist of the Advanced Technology Section of BQC, Gases 
Division. Both have spent several years in the development and 
introduction of new process to several sectors of industry.



INTRODUCTION

There has been a recent trend towards lighter and stronger PET bottles. Much of 
this bottle lightening has been achieved by the redistribution of redundant 
material to more effective areas and in better design to achieve improvement in 
orientation. Wall thinning has, however, been limited by the permeability of the 
basic material, particularly for the carbonated soft drink (CSD) market.

Various alternatives have been put forward to overcome this problem. All are 
based on coating the PET bottle with a polymer which has better barrier 
characteristics. This can be, and has been, achieved by coating the bottle after 
manufacture with PVdC. The initial problems regarding adhesion seem now to 
have been solved but may still limit its application. A second alternative is the 
co-extruded bottle. The technology for the manufacture of such a stretch-blow 
bottle has not yet, however, been perfected.

Other technologies must therefore be considered. Such an alternative 
technology, which has been patented by BOC Limited,(U is the application of a 
sputtered coating of an inorganic compound to the outer surface of the bottle. 
These coaUngs are very thin, of the order of lOOnm, and although almost 
invisible to the naked eye, have a considerable effect on the permeability of the 
plastic.

This paper explains the techniques involved in the application of the coatings and 
gives some details of the properties which may be expected from such coatings 
on various substrates.

The Method

The basic application technique is that, of sputter ion-plating.(2»5) A 
schematic representation of the process is shown in Figure 1.
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The equipment comprises a vacuum chamber which may be vertically or 
horizontally disposed, dependant upon the convenience for handling the products 
and the interface with other processes. The vacuum chamber would have a door 
or gate valve opening into which the holding jig for the bottles would be loaded.

A high vacuum pumping group would be attached to the vessel normally 
comprising of rotary piston pumps, mechanical booster pumps and diffusion 
pumps along with a cryogenic panel, where required, for heavy outgaslng 
materials. The pumping is done in sequence from atmospheric pressure to a 
pressure of approximately 1 x IQ “4 torr as the base pressure before sputterng.

Since most sputtering processes take place at pressures between 1 x IQ -5 torr 
and 1 x 10-2 torr a gas or gas mixture containing argon is introduced in a very 
controlled manner to give the correct background pressure for the sputtering 
operation. When this is achieved the sputtering is initiated. The sputter 
cathode or magnetron would consist of a cylindrical tube known as the target 
which is made of the material to be sputtered, in this case zinc, inside the tube 
is carried a magnet system which creates the field to control the directions of 
ionised particles.

Basically sputtering consists of the bombardment of the target which is at 
negative potenial with positive particle ions, the kinetic energy of this particle is 
high enough to strip out atoms of the target material which then deposit 
themselves onto the nearest convenient surface which is the article to be coated. 
If a reactive gas, say oxygen is now introduced into the plasma this will react 
with the ionised metal from the target to form a compound, in this case an 
oxide, at the surface of the substrate. The substrate can be any material and 
does not need to be electrically conductive.

Generally DC power is used for most applicatons and the level of power depends 
again upon the physical size of the sputter target and the material to be 
deposited. Power ranges from 10 to 100 KW are common.

For convenience of processing and ease of examination all the initial trials on 
the coatings were carried out on flat polymer films. The first coated materials 
were obtained using a 10cm wide reel to reel film coating machine. Later 
pre-production trials used a larger 30 cm wide machine and finally one litre 
bottles were treated.

Gas Barrier Properties

Examination of polymeric substrates coated with a wide range of metals and 
their oxides led to the conclusion that the best combination of properties could 
be obtained from zinc oxide. The properties of zinc oxide coatings of various 
thicknesses on an OPET substrate are shown in Table 1. (4) It should be noted 
that it is known that the properties of the coatings can be altered by changing 
the stoichiometry of the oxide. The coatings in Table 1 have not been optimised 
in terms of stoichimetry to give the best permeability.



TABLE 1

Permeability of Zinc Oxide Coating on QPET Substrate 
f5Q/um thick)

|Thickness nm 1 Water Vapour Trans- 
jmission gm nrr^ day“L

| t
1 1

| Oxygen permeability 
| cm5m"2day“1 
| atm“*
1 

1
1
1

| 1 
l o 1 3.8

1
| 32.3
1

1
1
|1 1

1 20a | 2.1 | 14.1
j

1
1I I

1 53 | 1.43 | 9.9
|

1
|| 1

1 140 1
1_____________ L_

0.36 \ 2.2
1

i
1

a - estimated (measurements ranged from 15 to 70 nm).

Samples were also produced on several substrates in order to ascertain the 
interaction of the substrate and the coating and these are shown in Table
Z.W

TABLE 2

Permeability of zinc oxide coatings 
(approx 100 nm thick! on various substrates

Thickness nm
1
j Water Vapour Trans-
| mission gm m-2 day-1
1

1

| Oxygen Permeability
1 cnv m-2 day-1 
| atm-l

______________________

OPP uncoated 
OPP coated

l
| 1.0
| 0.7
I

1
| 1210 
j - 410
j:----------------------------------------

PET uncoated 
PET coated*3

1
1 4
j 0.6

1

i
| 32.2
| 4.6
1 

Oriented
PET uncoated

1
1
j 3.6
1

1
1
| 11.6
1

Oriented
PET coated

1

l
1
l 0.2
_______________________

1
| 0.5
I ________________

b - average of several samples.

Again no attempt has been made to optimise the stoichiometry of the oxide 
for any particular property.



Optical Properties

It is well known PET is strongly absorbing of radiations in the far ultraviolet 
but that it transmits ultraviolet and visible radiations.C5) This property, 
although giving the material its renowned clarity, may be a disadvantage for 
packaging photodegradable materials. Using a zinc oxide coating it is possible 
to taylor the transmission spectrum by changing thickness and stoichiometry 
of the coating. Thus a material may be created which absorbs strongly 
throughout the ultraviolet but is almost clear in the visible spectrum. Typical 
transmission spectra for OPET and zinc oxide coated OPET are shown in 
Figure 2.(6)

Ultravloltt

X Transmission

Transmission Spectra 
for Coated and 

Uncoated Oriented 
PET

Figure 2 Wavelength (na)

Other examples are shown in Table 3,(6) the visible light transmission being 
typified by the 550 nm line and the ultraviolet transmission by the 360 nm line.

Table 3

Optical Properties of Zinc Oxide coated
OPET films

Coating Thickness
ZnO

I
1% Transmission 
jat 550 nm
I

1
| % Transmission 
j at 360 nm

1

0
1
1
l 88

1
1
1 8320 a 1 86 65

53 I 82 46
140 I 80 1 18
138 & 1 83

!
1 12
1 1



To determine the practical effect of the ultraviolet barrier some experiments 
were carried out to determine the rate of photodegradation of quinine in tonic 
water.(7) The absorption spectrum of quinine dihydrochloride shows that the 
compound has two major absorption maxima at approximately 25Q and 345 nm 
and was therefore the ideal candidate to test a UV barrier material.

Glass screw topped vials were wrapped with samples of various zinc oxide 
coated OPET films. The vials were then filled with specially prepared tonic 
water and stood in a south facing window. Samples of tonic were removed 
from time to time and analysed for quinine using an HPLC.

Some typical results are shown in Figure 3. If we assume that 50% 
degradation is acceptable then the shelf life of the best coated OPET would be 
a factor of 200 greater than the control under these naturally lit conditions.
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Bottle Coating & Practical evaluation

Although it could be assumed that the reduction in permeability to water and 
oxygen produced by the sputter coating process would also result in a 
reduction in carbon dioxide permeability no testing could be carried out on 
sheet as the rates were below detectable levels for conventional film tests. 
Sample bottles were therefore produced for standard pressure loss tests. 
These bottles were coated with 100 nm of slightly substoichiometric zinc oxide 
by the Shatterproof Glass Company in the USA. This coating was considered 
to give the best combination of properties while not being optimum for any 
particular property.

These one litre bottles were tested in comparison with standard bottles and 
with the best PVdC coated bottles available.C8) The results are shown in 
Figures 4 and 5.
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It will be noted that under both hot room (30°C) and ambient conditions 
(12-18°C) the sputtered bottles were superior. It is estimated that under hot 
room conditions the sputtered bottles would have a shelf life six times that of 
the standard bottle and two and a half times of a PVdC coated bottle.

As can clearly be seen from the results that zinc oxide sputter coated polymers 
offer a unique combination of properties. They have the gas barrier of a 
multilayer with almost the clarity of the base material and have a significant 
ultraviolet barrier.



The effective coating temperature is very high, ie the energies of the sputtered 
atoms are high. Thus the bonding between the polymer and the coating is very 
good and no breakdown of the bond has been encountered under any conditions.

It is obvious from the foregoing that it is possible to tailor a layer for particular 
application, however, some of the parameters are opposing. Increasing the 
thickness of the sputtered layer increased the barrier. No layers beyond 200 nm 
have been produced but the rate of improvement in barrier falls rapidly for 
layers above 100 nm. Thicker layers increase the ultraviolet barrier but also 
decrease the clarity in the visible wavelengths. Decreasing the stoiciometry of 
the layer also improves the barrier but decreases its clarity in the visible 
wavelengths. Superstoichiometric zinc oxides are extremely clear in the visible 
spectrum but offer poorer barrier.

The sputtered coating has two further properties that may be of use to the bottle 
manufacturer. Firstly it is relatively hard and thus makes the bottle more 
resistant to abrasion during processing. Secondly, the surface readily accepts 
inks and adhesives perhaps leading to improved labelling performance.

Bottle Production

Cle^Iy, to be of industrial use, bottle coating at reasonable production rates 
must be possible. For low output rates for pilot large scale production or small 
industrial output, a batch system is feasible. For higher rates a semi continuous 
plant is needed,t"J Outlines of these systems are given below.

Low Output Rates

A low output machine would be of a batch type, i.e. each batch of bottles would 
be loaded onto a jig which would in turn be loaded into the vacuum chamber for 
processing. It is usual that a second jig would be standing by outside the 
chamber and being loaded whilst the vacuum processing was taking place and a 
third jig being unloaded at the same time.

The machine would clearly resemble the diagrammatic system shown in figure 
i.The coating process cycle would consist of the following stages.

Load jig carrying bottles, close vacuum chamber door and evacuate the chamber 
to the desired base vacuum level, introduce argon/oxygen gas mixture to 
maintain a steady state pressure, initiate the sputtering process by bringing on 
the power to the cathode or sputter source, rotate the bottles around the sputter 
source at the same time rotating them about their own axis in a planetary 
motion around the centrally located cathode, in this way all the surface of the 
bottles is coated evenly. The time period of the coating cycle would depend 
upon the coating thickness requirement. Once coating thickness is achieved the 
power to the sputter source would be shut off and the vacuum chamber returned 
to atmospheric pressure. When the pressure is back to atmosphere the chamber 
door is opened, the coated bottles on their jig removed and the new batch loaded 
into the chamber, the whole process then being repeated. Process time depends 
upon deposit material and coating thicknesses, but typically 5 to 6 cycles per



The output of such a machine is governed by the physical size of the vessel, 
typically 1.5M diameter x 2M long, the rate of sputtering achievable which is 
governed by the material, the power applied and the speed of evacuation of the 
chamber to the required vacuum level.

High Output Rates

The output limitation of the lower output machine is due to the "batch” nature of 
the sytem, i.e, there are a series of “steps” to go through before the process is 
complete, these are load, pumpdown, sputter, return to atmosphere, unload.

The way to increase the machine output is to eliminate these steps and make the 
machine more continuous in nature. Since the process always demands a 
vacuum it is not possible to make the process truly continuous. For bottles, a 
load/lock system would be used where only the transfer from the exterior of the 
chamber to inside and out again is in batches and the remainder of the process 
takes place continuously. Such a system is shown diagrammatically in figure 6.

"In-Line" Sputter Ccater
Gas Control

Vacuum Vacuum /acuun - Power Vacuum
1 nLoad Lock for Bottle Jig

GlowDischarge to Clean Cathode Sputter Unload Lock for BottleJig
Li l i Li

Gato Gate tow Gate GateValve . Valv. Conductance Valve ValveValve
Figure 6

Such a system would look like a long tunnel connected by a- series of valves or 
locks. The central part of the tunnel would carry the sputter sources which 
would be contiuousiy operating thus the process woud be as follows.

Load a batch into the chamber and close the door, this first chamber is designed 
to pump down to the required vacuum level very quickly so that a holding valve 
can open when pressures are equalised down the tunnel. On this holding valve 
opening the batch would be transferred into a second chamber where they would 
be pesented to a special conveyor system. The holding valve would close behind 
them, along the first chamber or lock to be taken back up to atmosphere to 
accept a new batch of bottles.



The initial batch in the meantime would be conveyed through the sputtering 
chamber which is held in constant coating conditions, the bottles would be 
conveyed past several sputter sources rotating as they go to ensure total and 
even coverage of the coating. Following coating the bottle would pass into a 
holding chamber which when full would be isolated from the sputter chamber by 
a valve so that the holding chamber could be opened for transfer to the unload

Such load/lock machines are commonly used for a variety of coating applications 
where higher outputs are required. It is quite feasible to balance the load, 
transfer, coating and unload sequences to form almost a continuous operation.

The mam advantage is that cyling of the sputter chamber in terms of pressure or 
power cycling to the cathodes is eliminated and this often leads to a more 
constant coating performance and longer life of the target materials and

The large scale vacuum equipment required to produce sputter coated bottles in 
significant numbers Is a large capital investment. However, given that the unit 
processing cost is relatively low, it should be possible to produce bottles at an 
economic cost taking into account the reductions in bottle weight which could be 
achieved if strength and rigidity were the only parameters.

Applications

The most obvious application for sputter coated containers is the CSO market, 
particularly for those beverages containing compounds which degrade in 
ultraviolet radiation. As well as keeping carbon dioxide in the sputtered coating 
also keeps oxygen out and there may, therefore, be applications for oxygen 
sensitive beverages such as wines.

Further application areas may exist in markets other than beverages. For 
example it may be possible to package preserved fruit in clear PET containers 
without need of chemicals to prevent discolouration or oxidation. In fact any 
product which degrades in ultraviolet but which would benefit from clear 
packaging could use the properties of sputter coated polymers to advantage.
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Liquid nitrogen improves the productivity of aluminium
extrusion

Chong Ee Sung, Paul Stratton and Loke Kok Leong

Abstract

Nitrogen has been used for cooling and/or inerting aluminium extrusion dies 
for more than 35 years. Although the process has not been widely 
investigated, it is reported to improve quality and extrusion speed. There are 
several practical application techniques, some that inert only the die exit. 
Others also use the cold liquid nitrogen to simultaneously cool both the die 
and the exiting product. This paper reports results from using the second type 
of technique. They show that although the gains to be made are very 
dependent on the profile being extruded and the design of the die set, the use 
of these techniques significantly improves all the measured parameters. 
Press Metal, Malaysia, has found increases in extrusion speed of over 100% 
and in one case a die lasted more than 50% longer.

introduction

Nitrogen has been used for cooling and/or inerting aluminium extrusion 
processes for more than 35 years, but in that time little has been done to 
substantiate its claims to improve product quality, increase extrusion speeds 
and extend die life. This lack was probably due, at least in part, to the 
existence of a long-expired, but widely filed, patent covering the process [1].

Nitrogen has two basic functions in the aluminium extrusion die area: die 
cooling and die inerting.

■ Cooling Effect
A variation in the exit temperature in each extrusion cycle leads to 
variations in shape, dimensions and structure along the length of the 
extruded product. Therefore nitrogen is introduced to the die assembly 
In the liquid phase at -196°C, to remove the heat generated at the die 
assembly during extrusion and prevent the die from overheating. 
Controlling the die assembly's temperature in this way allows the 
extrusion speed to be increased without risk to the product.

■ inerting Effect
In contact with a hot surface, liquid nitrogen vaporizes, expanding by 
700 times in volume as it does so. Nitrogen gas displaces air from the 
die assembly. No air can enter and an inert gas shield is formed, 
blanketing both the extrusion and the die bearing. This prevents any 
oxidation of the extrudate until it is well downstream of the die. Die 
pickup is therefore minimized.

The combined effect of nitrogen cooling and inerting allows a faster extrusion 
rate without die pickup, with the following improvements:

B Better surface quality



Serious surface finish defects occur above a certain extrusion speed, 
or when the condition of the die has deteriorated after the extrusion of 
many billets. Some defects are caused by oxide building up on the die 
exit and scoring the surface. Others occur when the exit temperature of 
the extruded product is higher than the incipient melting point of the 
billet material, causing surface defects and an increased scrap rate. 
Nitrogen virtually eliminates oxide build-up on the die and cools the die 
significantly, reducing these defects.

■ Increased extrusion speed
The extrusion speed is normally limited by the onset of surface defects 
resulting from the build-up of abrasive aluminium oxide at the exit of the 
die. Minimizing this build-up allows the extrusion speed to be 
increased. Cooling the extrusion surface and the die exit is clearly 
beneficial and it has been shown that under most circumstances no 
increase is detectable in the surface temperature of the extruded billet 
even when the extrusion speed is significantly increased.

■ Fewer die changes
There are fewer die changes because each die lasts longer and used 
dies that have been replaced need less cleaning and polishing.

It is difficult to generalize on the overall increase in productivity through 
increased extrusion rate, fewer rejections, and time saved through the 
reduction in die changes and die cleaning operations, because of the wide 
variation in the type of alloys and sections produced.

Experimental

Trials of combined die inerting and cooling were carried out at Press Metal in 
Malaysia. The preferred method of introducing the liquid nitrogen is to 
machine grooves into the die backer or bolster to provide channels for the 
liquid nitrogen when it is in position. This method has the disadvantage that 
every die backer or bolster has to be machined and will have to be 
disconnected from the nitrogen supply every time a die backer or bolster is 
changed, although not necessarily at every profile change. Although the 
bolster is further from the die than the die backer, it is changed less often and 
may therefore be the preferred option. The technique is robust, however, and 
injects the liquid nitrogen very close to the die. The channels can be tailored 
to deliver nitrogen in a pattern specific to the section being extruded, as 
shown in Figure 1.
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Figure 1. Two examples of nitrogen distribution channels in typical bolsters
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Figure 2. Typical trial set-up

The liquid used in a trial was stored in a portable vacuum-insulated cylinder 
mounted on scales to measure the amount of nitrogen being used. The trial



setup is shown in Figure 2, which also shows the control skid with its 
pneumatic liquid nitrogen control valve. The process parameters were 
determined by the plant operator in order to obtain the best possible surface 
quality.

During such trials it is always necessary to ensure that the oxygen in any 
given area is not depleted beyond safe limits. This is not usually a problem in 
open areas of the plant, but can be a problem in enclosed spaces, particularly 
below ground level, when cold gas is being used.

Results

It was not always possible to measure all the production parameters. For 
example; when product runs are so short that the die is not replaced during 
the run, there is no indication of die life; if the extrusion speed is limited by the 
extrusion press, the true increase in speed cannot be measured.

Figure 3. The consistently bright finish obtained at Press Metal

Table 1 summarizes the results. The extrusion speed increase ranged from 
23 to 156% and the nitrogen consumption lay between 41 and 103 rrr/tonne.

Table 1. Summary of results for various profiles

Profile Material Extrusion
speed
improvement
(%)

Die life
Improvement
<%)

Nitrogen
consumption
(m3/tonne)

A AA 6063 23 56 104
B AA 6063 82 41*
C AA 6063 146 41*
D AA 6351 55 41*
E AA 6351 50 41*
F AA 6463 156 88

* averaged over several sections

Both these parameters are strongly affected by the design of the profile being 
extruded, particularly the complexity and shape of the section, the



circumscribing circle diameter, the section thickness and whether it is hollow 
or not. Figure 3 shows the consistently bright surface finish obtained. 
Conclusions

The use of nitrogen die inerting and cooling can improve many aspects of the 
aluminium extrusion process including surface quality, extrusion speed and 
die life. Improvements in extrusion speed of over 100% are reported and die 
life improvements of over 50%. However, the gains are very dependent on 
the profile and die design.
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