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Oxide dispersion strengthened (ODS) steels contain a fine dispersion of nano-sized, typically 
Y based, oxide particles which result in the material displaying significantly better creep, 
irradiation and oxidation resistance when compared to conventional alloys. Thus, such 
materials are considered as candidate structural materials for a number of applications in the 
fossil and nuclear energy sectors and in other high-temperature applications. ODS steels are 
currently produced by powder metallurgy which includes mechanical alloying (MA) of 
master alloys or elemental powder, hot extrusion or hot isostatic pressing (HIP) followed by 
a final heat treatment. Recent studies revealed that Y added during MA in the form of yttria 
(Y2O3) breaks down and the elements go into supersaturated solution in the Fe matrix; and Y 
based dispersoids form during fabrication of the alloy.  

In this work, an additive manufacturing method, selective laser melting (SLM), was applied 
to as-MA ODS-PM2000 (Fe-19.0wt.%Cr-5.5Al-0.5Ti-0.5Y2O3) powder. SLM produces 
almost fully dense solid freeform components by successively melting thin layers of metal 
powder. In order to investigate the feasibility of SLM in an ODS alloy environment, a 
number of builds were fabricated. These included a complex thin walled structure, coatings 
on Inconel IN939 (Ni-22.5wt.%Cr-19.0Co-3.7Ti-2W-1.9Al-1.0Nb-1.4Ta-0.15C), a nickel 
based superalloy, and optimised wall and solid builds. A wide range of microstructural and 
mechanical characterisation techniques were carried out on these builds with the focus to 
study the fundamentals of SLM in ODS environment.  

The most important finding of this work was that a fine homogeneous dispersion of globular 
shaped nanoscopic particulates could be retained in the SLM build configurations 
investigated. Indications were found that there is a very low number of dispersoids in the 
deposited layer after it was put down. Repeated heating cycles during SLM deposition of 
further slices resulted in coarsening and growth of existing precipitates, but probably also in 
nucleation and growth of new dispersoids in the α-Fe matrix. Such heating cycles and post-
build annealing trials resulted in modification of initially multiphased dispersoid compounds 
including originally a number of elements, such as O, Al, Si, Ti, Cr, Fe and Y, into structures 
having significantly increased concentrations of Al and Y. After post-build annealing, the 
particles were most frequently of the compound type yttrium aluminium monoclinic, 
Y4Al 2O9. SLM processing parameters were developed leading to a relative density of  
>99.5 % for wall builds having different thicknesses and of >98.5 % for solid builds. 
Electron backscatter diffraction (EBSD) was conducted and revealed a strong [001] fibre 
texture along the growth direction of a wall build. For annealed walls, values of the 0.2% 
offset yield strength YS0.2 up to those of recrystallized conventional produced PM2000 could 
be achieved. Fracture behaviour and the individual key parameters determined, YS0.2 and 
Young's modulus were anisotropic due to this texture. In coatings, Y-rich dispersoids could 
be retained. When oxidised isothermally in laboratory air at 1100°, the SLM deposit 
PM2000 formed a mainly α-Al 2O3 (alumina) scale, which was similar to conventionally 
fabricated PM2000. Oxidation at 870°C, however, resulted in different scale morphologies 
between both variants. Those were Al-rich equiaxed structures and nodules and Ti-rich 
needles for conventional PM2000. On the other hand, the SLM material exhibited Al-rich 
platelet structures and Al-rich equiaxed crystals in pores. The observations of this work 
confirmed the feasibility of SLM in ODS alloy environment, which may motivate further 
studies in this field.  
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1 Introduction 

Chapter 1 

Introduction 

Indicates gap in knowledge   outline approach to take   good first sentence   define specialist terms    
clearly state purpose of the work at the end 
This chapter briefly introduces the topic of this thesis (1.1) and describes the project aims 

and structure (1.2).  

1.1 Introduction 
Introduction 
1.1 

Modern alloys have many potential fields of applications. Often, however, they were 

designed to increase the efficiency of technical processes and the lifetime of components. 

The key to enhance both properties for high temperature applications, for instance in 

conventional power plants or in gas turbines[1], is typically an increase in the temperature at 

which the materials may be used. Hence, there is a constant need to develop new materials 

and to improve existing materials and design concepts to be able to keep their integrity for 

the desired lifetime of the component or system. The portfolio of suitable materials decreases 

rapidly with increase of working temperature. A summary of the temperature and usable 

strength range of selected materials is illustrated in Figure 1. The diagram serves to explain 

that superalloys are capable of use up to temperatures of ~1000°C. This limit can be 

extended to approximately 1300°C for such alloys containing an oxide dispersion (ODS = 

oxide dispersion strengthened)._646  

 
Figure 1: The temperature and usable strength range of selected materials.[2] 

xxxTemperature_range.jpg   _337 e brochure  2     PAGE 4     Slightly modified  PERMISSION OBTAINED 
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Even higher operation temperatures are possible with ceramics, graphite, refractory metals 

and by protecting conventional alloys with advanced thermal barrier coatings, which, 

however, have several limitations constraining their practical use in high-temperature 

applications as was mentioned by Wang et al. (2006)[3] or Titz and Wilson (1965)[4]. _663,_664 

ODS alloys have been developed over recent decades and are fascinating due to their 

interesting properties. Attributed to a fine dispersion of typically nanoscopic Y containing 

oxides in the matrix, ferritic oxide dispersion strengthened (ODS) steels offer superior 

creep[5,6] and oxidation[7] properties at high temperatures and retard both recovery and 

recrystallisation[8]. Al-free variants, which are not the subject of this work, offer additionally 

special resistance against radiation damage[9,10]. Thus, ferritic ODS steels are considered as 

candidate structural materials for both the fossil energy and nuclear sector, but also for other 

high-temperature applications which will be detailed later. The current manufacturing route 

includes mechanical alloying (MA) of master alloys or elemental powder, hot extrusion or 

hot isostatic pressing (HIP) and a final heat treatment. Consequently, the complex metallurgy 

steps lead to high prices and limitations in shape freedom. Y is typically added to the alloy in 

the form of yttria (Y2O3) during MA, leading the compound to break down and Y is forced 

into supersaturated solution[11,12]. Recent work indicates that precipitates nucleate and grow 

during the successive manufacturing steps in the alloy matrix[12]. Table 1 lists typical prices 

of selected materials and shows how ODS increases the costs of steels compared to 

dispersoid-free material of the same type. Even compared to Ni-based superalloys, ODS 

materials are significantly more expensive.  

Table 1: Recent prices of selected metallic materials in US-$ show the cost increase of 
adding ODS to conventional steel; this material is still more expensive than Ni-based 

superalloys.[13] 
Material Cost/kg (US-$) Notes 

Ferritic Stainless Steel ~$2-5 446 Plate form 

Fe-based ODS ~$165, ~$345 MA956 Sheet (Special Metals), PM2000 (Plansee) 

Ni-based ~$30-35 
Inconel 718 Sheet (Special Metals), Inconel 617 

(Special Metals) 
_449  13                              ask Iver     PERMISSION OBTAINED 
Selective laser melting (SLM) produces near fully dense solid freeform components by 

successive melting of thin layers of metal powder. Characteristics of this method are high 

cooling rates during solidification, the use of computer aided design (CAD) data and 

processing in inert atmosphere. Joining of ODS alloys involving melting usually results in 

agglomeration of the dispersoids and in inferior mechanical properties of the bond zone[14]. 

However, it was shown recently by Walker et al. (2009)[15] that processing of the ferritic 

ODS alloy PM20002 by SLM reduces such agglomeration effects. Consequently, SLM is a 

potential alternative to conventional ODS alloy processing, which will be fully discussed in 

the literature review.  

 
                                                           
2 The nominal composition of PM2000 is shown in Table 4 on page 7. 
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1.2 Project aims and document structure 
1.2 
Project aims and document structure 

The primary aim of this work was to determine if SLM is a suitable process for use in 

general ODS alloy environment since Walker et al. (2009)[15] conducted only a brief 

investigation on grown wall builds. The emphasis here is on further optimisation of 

processing parameters for SLM-PM2000 and on the development and characterisation of 

novel configurations (walls, solid builds, coatings) to learn about SLM-ODS fundamentals 

and to provide a basis for future investigations. A number of analytical studies were 

conducted in order to obtain a deep understanding of the metallurgy of such novel structures. 

The studies were also intended to support future work on the development of ODS materials 

and parameters for the SLM process as displayed in Figure 2.  

 
Figure 2: Illustration of the motivation of this work to support future studies.  

Process_relations.jpg  
The literature study in Chapter 2 gives the reader an overview of ODS alloys and PM2000 in 

particular. It also covers the Ni-base superalloy Inconel IN939, which was used as a 

substrate and SLM technology. The nominal composition of Inconel IN939 is shown in 

Table 9 on page 33.  

Chapter 3 focuses on materials and procedures and in the work, which included annealing 

and oxidation experiments, a wide range of microscopical techniques, atom probe 

tomography (APT), X-ray diffraction (XRD), neutron diffraction (ND) and mechanical 

microtensile and creep testing.  

The results presented in chapters 4-7 follow a fixed pattern, where sub-sections present 

initially the motivation of each chapter, followed by details on experimental results, a 

discussion and a chapter summary.  

Chapter 4 presents several studies conducted to characterise SLM-PM2000 wall structures. 

The specimens for these investigations were taken from a complex honeycomb shaped thin 

walled build, which was designed in order to demonstrate that intricate structures can be 

grown with the alloy. As SLM-PM2000 was never deeply investigated before, a wide range 

of microstructural characterisation techniques were applied. The study found that further 

optimisation on the processing parameters was necessary to address some detrimental issues 

observed.  
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The emphasis of Chapter 5 was the development of SLM processing parameters leading to a 

decrease in energy input, an improvement of surface roughness and the reduction of build 

defects (inclusions, porosity, cracking) of novel solid structures and walls having different 

thicknesses. This work also involved first micro and nano-structural characterisation.  

With the intention to further examine the properties of such builds, Chapter 6 deals with 

mechanical microtensile and creep testing of these build configurations, but also with the 

manufacture of the test specimens.  

The subject of Chapter 7 are the PM2000 coatings, which were deposited on Inconel IN939 

components. The emphasis was on the investigation of dispersoids in deposit material, 

coating integrity and oxidation behaviour. Interdiffusion could be studied since the substrate 

was Fe-free, whereas PM2000 is based on Fe.  

Chapter 8 briefly summarises the key findings of this work and presents suggestions for 

future studies.  

Within this thesis it is referred to the individual Appendices, which are located at the end of 

this thesis.  

 
The reader should also note the following:  

• Alloy compositions in this work are in wt.% if not otherwise stated.  

• In order to clarify the view orientation of specimens, a coordinate system is displayed in 

the image, if necessary. This right-hand coordinate system is unique for each build 

configuration and independent from the SLM machine. Z indicates in all cases the SLM 

build direction.  

• If not otherwise stated, experiments and analytical techniques were conducted by the 

author.  
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2 
Literature review and background  

2 Literature review and background 

Chapter 2 

Literature review and background 

 
 
This chapter presents a literature review of the background to provide fundamentals to this 

work. It starts with the introduction of ODS alloys and PM2000 in particular (2.1). The Ni-

base superalloy Inconel IN939 is reviewed in sub-section 2.2 and the SLM technology in 

part 2.3. Section 2.4 describes prior work leading to SLM of ODS alloys, which is followed 

by a final summary in section 2.5.  

2.1 Oxide dispersion strengthened alloys with the f ocus on 
PM2000 

2.1 
Oxide dispersion strengthened alloys with the focus on PM2000 

2.1.1 Milestones in ODS alloy development and overv iew 

The milestones of the history of ODS alloys can be traced back to the year 1910 in which a 

ductile W-base alloy with added Th (thorium) oxide dispersoids for filaments of light bulbs 

were reported to increase creep resistance[16 (after 17)]. Approximately 30 years later, in the 

1940's the first work was conducted to increase high temperature mechanical properties by 

internal oxidation of Cu[18] and Ag[19]-base alloys leading to the development of thoriated Ni 

in 1958. In this material configuration, Ni oxide reduced and Th oxidised simultaneously[20]. 

In parallel, research by Irmann in the late 1940's lead to the development of SAP, an Al alloy 

containing dispersed Al-O flakes[21, 22 (after 17)]. Limitations of these early ODS materials were 

poor resistance against corrosion and low mechanical properties at intermediate 

temperatures[17]. This motivated work by Benjamin (1970)[17] to develop the process 

mechanical alloying (MA) in order to incorporate fine yttria (Y2O3) particles into a  

γ' strengthened Ni-base superalloy[17]. _535_536_537_538_539_34223 _556 _555  

Nowadays, MA is the basis of the fabrication of ODS alloys and various ODS alloys have 

been developed, which are typically Fe (ferritic) and Ni (austenitic)-based. Ni-based ODS 

superalloys contain in addition to oxide dispersoids typically strengthened nanoscopic  

γ' phases[17]. Besides those, other current experimental ODS materials are reported as well. 

Examples are W-base alloys for future fusion applications[24], Co-base[25] or Cu- base[26] ODS 

alloys; all containing an yttria dispersion. For an overview of a selection of previous 

commercial ODS alloys see Table 4. There were both Fe and Ni-based variants, all 

containing >14wt.% Cr and Y2O3 being the source of Y required to form strengthening ODS 

precipitates. Fe-based variants contained 4.5-6.0wt.% Al or were Al-free, on which will be 
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commented later. Currently (2014) no ODS alloys are commercially available[27], which is 

obviously due to several limitations, such as high costs of the manufacturing process, issues 

with nanostructure homogenity, differences between different batches or anisotropic 

structural properties[13 after 28]. On the other hand, as will be shown later, the properties of such 

alloys (mechanical, oxidation, irradiation resistance) are superior compared to ODS-free 

materials of the same type. _421_419_422_423 _557_66529 

Current research is also being conducted on a number of, mainly Al-free, experimental ODS 

alloys [31-40]. Al-free ODS alloys have advantages (reduced activation properties, reduced He-

induced swelling) in the use in nuclear environment and will be discussed later in sub-

section 2.1.8. For a selection of those alloys see Table 3.  

Table 2: Overview of a selection of previous commercial ODS alloys  
(sorted after the manufacturer).[30] 

Alloy Fe Ni Cr Al Ti Mo W C Y2O3 Others 

MA 9561) bal. - 20 4.5 0.5 - - 0.05 0.5 - 

MA7541) 1.0 bal. 20 0.3 0.5 - - 0.05 0.6 - 

MA7581) - bal. 30 0.3 - - 0.5 0.05 0.6 - 

MA7601) 1.2 bal. 19.5 6.0 - - 3.4 0.06 1.0 - 

MA60001) - bal. 15 4.5 2.5 2.0 4.0 0.05 1.1 
2.0Ta; 
0.15Zr 

MA9571) bal. - 14 - 0.9 0.3 - 0.01 0.25 - 

PM20002) bal. - 19 5.5 0.5 - - 0.05 0.5 - 

PM10002) 3.0 bal. 20 0.3 0.5 - - 0.05 0.6 - 

PM30302) - bal. 17 6.0 - 2.0 3.5 0.05 0.9 
2.0Ta; 
0.15Zr 

ODM7513) bal. - 16.5 4.5 0.6 1.5 - 0.05 0.5 - 

1) Special Metals Corporation 

2) Plansee GmbH 

3) Dour Metal S.A. (now Dour Metal s.r.o.) 
xxx_138   30       PERMISSION OBTAINED 
 

Table 3: Overview of a selection of current experimental ODS alloys  
(sorted after the Cr content).  

Alloy Fe Ni Cr Al Ti W C Y2O3 Other 

Eurofer[31,32] bal. - 9 - - 1.5 0.11 0.3 0.4Mn, 0.2V  
[33] bal. - 9 - 0.2 2 0.1 0.3 - 

Mm13[34] bal. - 8.9 - 0.2 - 0.13 0.36 - 

12YWT bal. - 12 - 0.4 3 - 0.25 - 
[35] bal. - 14 - 0.3 1 0.5 0.3 - 

14YWT[36] bal. - 14 - 0.25 2 - 0.2 - 

ANU-1[37] bal. - 14 2 - - - 1 0.3Ta 

MA/ODS-Ar 
MA/ODS-H[38] 

bal.  - 15 3.6 - 1.9 - 0.3 0.7Zr 

K3[39] bal. - 16 4 0.3 2 - 0.3 - 
[40] bal. 8 18 - 0.5 - - 0.35 1Mo 

_343_184    _544   _542   _253   _543   _319   _449_   __546    
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2.1.2 Introduction to PM2000 

The nominal composition of the main alloying elements of PM2000 according to an analysis 

by inductively coupled plasma optical emission spectrometry (section 3.1) and to data 

provided by the PM2000 alloy brochure from Plansee[2] is displayed in Table 4.  

Table 4: Nominal composition of PM2000 (in wt.%).  

Source Fe Cr Al Ti Y2O3 Y Others 

PM2000 brocure[2] Balance (bal.) 19.0 5.5 0.5 0.5 . . 

ICP-OES 74.41 18.88 5.43 0.47 . 0.39 <0.19 

 
Despite the superior properties, which will be emphasised later in sub-section 2.1, PM2000 

is, since 2006, commercially no longer available[41]. The previous manufacturer Plansee 

presented a number of typical applications of the alloy, such as the 'use in furnace 

construction as shields or carrier systems; in the glass industry as stirrers or plungers in 

molten glass; in the combustion of waste materials; as thermocouple protection tubes; in high 

temperature testing-equipment; as burner tubes; a variety of applications in automotive diesel 

engines'[42]. Due to the formation of a well adherent scale during high-temperature oxidation 

having good wear resistance and biocompatibility, PM2000 is also a potential candidate 

material for load-bearing medical implants[43], which is also obviously also attributed to 

health safety of the alloy material[44]. Recently, PM2000 was described by Pint and Wright 

(2002)[45] as a very promising candidate cladding material for advanced fusion reactors[46] 

and also applications in future heat exchangers for biomass combustion was considered[47]. _106b _415 _531_607 

The solidus temperature of PM2000 is 1438°C and the density at room temperature is  

7.18 g/cm³ [49]. Mechanical creep and tensile data will be presented later in order to introduce 

the individual properties. Microhardness measurements showed a hardness of the as-

extruded material of 400 HV[42], which decreases rapidly after a recrystallisation treatment to 

290 HV[42] or 275 HV[50]. _106b _450  

 

2.1.3 The conventional manufacturing route of ODS a lloys 

The typical manufacturing process of conventional ODS alloys including PM2000 is 

illustrated in Figure 3. The process is a multi-stage route which starts with mechanical 

alloying of pre-alloyed or elemental powder together with dispersoid forming compounds, 

typically yttria (Y2O3). The next step is degassing at elevated temperatures in order to 

remove unwanted contaminations with O and N. This is then followed by hot isostatic 

pressing (HIP) and/or hot extrusion and rolling, while a successive heat treatment can be 

applied to optimise grain morphology (typically recrystallisation) and, consequently, to 

modify or adjust mechanical properties.[51,52] _50,_47 Good expaination of manufacturing of PM2000 in Chen 2010_529 
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Figure 3: The typical powder handling/fabricating stages of conventional processing of ODS 

materials including PM2000.[2] 
Herstellung.jpg     _337          PAGE 5           Slightly modified          PERMISSION OBTAINED 
Hot isostatic pressing (HIP) and hot extrusion minimises remaining porosity compared to 

simply sintered products, but have some disadvantages towards flexibility and cost-benefit 

ratio for a small number of parts. MA, HIP and hot extrusion are briefly reviewed in the 

following three paragraphs.  

 
Mechanical alloying 

MA is a process technique where powders are mechanically deformed by steel balls (ball 

milling). This causes the particles to successively cold-weld and break. In order to produce 

MA powder for ODS materials, typical milling times, when using planetary ball mills, can be 

over several days[53,54]. During MA the initial ODS alloy powder is heavily deformed with 

strains in the order of 9, which is equivalent to drawing something by 8000x compared to its 

original length[42,57]. Resulting grain sizes of as-MA powder microstructure can be in the 

range of 10 nm in some regions[58 (after 55)]. This intensive mechanical treatment can lead to the 

complete break down and dissolution of elements into the solvent metal, even if there is 

limited solubility[8,57,11]. Y, for instance can be forced into the Fe-matrix in this way down to 

the atomic scale, which is the key to produce typical ODS alloys. _80,_107 _97_524_527_528_605  

HIP 
HIP 

The HIP process requires a pressure chamber including a heating device as displayed in 

Figure 4a. The chamber is covered by a heat insulating layer to avoid strong heating of the 

chamber. The applied temperatures for this process are typically between 800 and 1500°C. 

Means of transmitting the pressure are typically gases, in most cases Ar with a high purity, 

which is compressed into the pressure chamber. HIP applies a pressure of up to 200 MPa, 

which is formed also due to heating of the closed chamber as displayed in Figure 4b. Pre-

pressed parts can be further consolidated by this method, while powders have to be covered 

by a gas dense casing made of glass or sheet metal, which has to be evacuated before 

closing.[60]
 The latter is required for open porosity in order to consolidate the whole compound and not only the matter between the pores, since gas delivers the force for consolidation. _85 
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Figure 4: Illustration of hot isostatic pressing.[60] 

The images show (a) the process chamber after the principle of ASEA (Allmänna Svenska Elektriska 
Aktiebolaget, Swedish industry company) and (b) characteristics of the pressure and temperature.  

With kind permission of Springer Science+Business Media.  
HIP_Temperature.jpg  _85     PAGE 137 slightly modified            a: Fig. 5-29,b: Fig. 5-30 PERMISSION OBTAINED 
 
Hot extrusion  

During hot extrusion, heated material is pressed through a die having the cross-sectional 

dimensions of the final product. Lubricants are used to reduce friction between the processed 

material and the die. Hot extrusion typically uses pressed powder, pre-sintered raw-parts or 

spray-compacted material. Powder and pre-sintered raw parts with insufficient strength are 

covered in a casing of, for instance, sheet metal to hold them together and to protect them 

from oxidation during pre-heating. The method also allows the manufacture of hollow 

structures and typical products fabricated with this technique are pipes, bars, profiles, or 

wires. Advantages are a relatively high size accuracy of the resulting products and a high 

cost effectiveness for large lot sizes, since the required post-processing steps are 

reduced.[60,61] _666_85b 

 

2.1.4 Strengthening mechanisms of ODS alloys 

According to Schneibel et al. (2003)[62], the relevant strengthening mechanisms to increase 

mechanical properties (for instance the yield strength) for ODS materials similar to PM2000 

are[62]  

• Matrix strengthening (σM) 

• Dispersoid strengthening (σD) 
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• Grain boundary strengthening (Hall-Petch method) (σHP) 

In case of the presence of dislocations prior to high temperature annealing, also dislocation 

strengthening (σDS) needs to be considered.  

This sub-section is aimed to give the reader a brief overview on the fundamentals of 

strengthening effects of (ferritic, γ'-free) ODS alloys and the individual mechanisms will be 

described in more detail as follows including methods of summation of the individual 

strengthening components. Significant changes in the strengthening mechanisms occur 

typically at high temperatures > ~700°C, which are also briefly reviewed.  

 
Matrix strengthening 

The mechanisms of matrix strengthening include effects of intrinsic lattice resistance to slip 

and solid solution strengthening. Theoretical modelling of material strength of PM2000 by 

Schneibel et al. (2003)[62], assumes that σM is constant over the temperature range from room 

temperature up to 1000°C with a value of 400 MPa[62]. However, it has been shown recently 

experimentally for a single crystalline 14wt.%Cr-3W steel that the property is strongly 

temperature dependent and typical values for the contribution to the overall material yield 

strength of grain matrix hardening σM were 255 MPa (25°C), 71 MPa (700°C) and 17 MPa 

(1000°C)[63]. _563 

 
Dispersoid strengthening 

Particles which segregate in molten metal or in the matrix with or without annealing are 

called dispersoids. Such an insoluble second phase ideally remains stable up to the liquidus 

temperature of the alloy, leading to a strong stabilisation of the microstructure up to high 

temperatures. As illustrated in Figure 5, relatively small, coherent and soft particles are cut 

according to the Friedel-effect (I). In contrast is the Orowan mechanism, where a dislocation  

 
Figure 5: Illustration of dispersoid strengthening.[a,c: 64; b: 72]  

Part (a) illustrates the (I) cutting of dispersoids (Friedel-effect) and (II) by-passing of dispersoids 
(Orowan mechanism). Examples show (b) a transmission electron microscope (TEM) image of  
γ' particles in a Ni-base alloy. Part (c) shows dislocation loops created around Ni3Si particles in a NiSi 
alloy.  

(a), (b): With kind permission of Springer Science+Business Media. 
ODS_mechanism.jpg  _459 64     a,c: PERMITTED   b Springer:  b: 72 (Fig. 10.35, p. 261)]  ERMISSION OBTAINED 
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line is bent around a particle until it is completely surrounded leaving a dislocation ring 

around the object when the dislocation moves further (II). The latter effect occurs typically if 

the particles are larger, incoherent and harder compared to (I), which leads to the situation 

that dislocations circumvent the particle.[65,66,64]   _459  _112   _252    

As dislocations move through precipitate containing material, looping leads to increased 

resistance to dislocation movement leading on the macroscopic scale to an increase in 

hardness and yield strength[66]. An alternative model for strong obstacles intersecting the 

glide planes of dislocations is the dispersed barrier model developed by Seeger (1958)[68], 

which considers the straightforward geometrical constrains of this  

effect[63 (after 68 and 70)]. The difference to the Orowan mechanism is here that the dispersed 

barrier model considers a barrier strength coefficient, which considers the angle between 

neighbouring sections of dislocations at the position on which the dislocation releases from 

particle'[63]; more details on this can be found elsewhere[63,71]. _570_667 

Kim et al. (2013)[63] modelled the effect of dislocation strengthening for 14YWT, a 

14wt.%Cr-3W ODS steel, using both the Orowan mechanism and the dispersed barrier 

model and showed that both descriptions are relatively complex and several postulates need 

to be made. Examples are for this are for instance that the nano-precipitates are impenetrable 

incoherent particles, precipitates are located not on grain boundaries and are homogeneously 

distributed within the grains or the number density is exactly known (this is also in regard to 

the method of determining them and, consequently, the accuracy of the results). The work 

also revealed that the key contributing factors to both models are the dispersoid diameter and 

interparticle spacing (particle density). One key result was that the calculated direct 

strengthening component σD, which is a component of the overall material strength - later 

summarised as σLS and σRMS, according to the Orowan mechanism was approximately 3 times 

the individual values compared to results of the dispersed barrier hardening model at room 

and at elevated temperatures up to 1000°C. The latter model lead to much better estimates, 

which was demonstrated experimentally in the article by Kim et al. (2013) [63] and several 

diagrams show this. Typical values for σD after the dispersed barrier hardening model for 

different assumed particle densities were 178-417 MPa (25°C), 119-279 MPa (700°C) and 

92-216 MPa (1000°C). [63] _567_568  

 
Grain boundary strengthening 

Dislocations can be induced by plastic deformation. Grain boundaries are barriers for 

dislocations and during their movement through the matrix they accumulate on grain 

boundaries, which results in high strain fields. On the macroscopic scale, this leads to an 

increase in yield strength and hardness of the material. Obviously, the effect is stronger the 

more often dislocations are blocked in their movement. Hence, the effect is sensitive to grain 

size.[72] _113 Ilschner    
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The contribution of this effect to the overall yield strength is described by the Hall-Petch 

relationship, which is 

g

HP
HP

d

k=σ Equation 1  Equation 1 

where, kHP is the material dependent strengthening coefficient and dg is the average grain 

diameter. The values (at room temperature) used for kHP in literature for Fe (multigrained) 

are often in the range of 500-600 MPa µm-1/2 [73 and 62 (after 78)]. However, for ODS FeCr alloys it 

was shown experimentally that the values are significantly lower and strongly temperature 

dependent. Typical numbers (for ODS-14YWT) are 338 MPa µm-1/2 (25°C) and 127 MPa 

µm-1/2 (700°C)[63].An explanation proposed for these differences can be cited as follows: 'The 

origin of the loss of Hall–Petch strengthening is still ambiguous but dislocation absorption at 

grain boundaries is considered to be the main reason, i.e. repulsive interaction at lower 

temperature to attractive interaction at higher temperature'.[63 (after 74)] _669 

A number of ODS alloys have a relatively fine-grained structure and utilise grain boundary 

strengthening as one major strengthening mechanism at lower temperatures  

(< ~700°C)[62]. It should also be noted that the presence of nanoscopic precipitates 

significantly increases the recrystallisation temperature, which lead to a retention of the fine 

microstructure up to high temperatures[75]. Many ferritic ODS materials (including PM2000) 

have very fine grains in the as-extruded state and recrystallize with a very coarse grain 

structure, which is advantageous in terms of improved creep properties[27], but lowers the 

tensile strength[50] as will be described later. _561_562_562  

 
Dislocation strengthening 

The following two major types of dislocations exist and several mixed variants:  

• Edge dislocations 

• Screw dislocations 

 
An increase in dislocation density in metallic materials increases the possibility that 

dislocations interact and block one another. This effect results in an increase in strength of 

the material, but also in an increase of the stored energy facilitating recovery and 

recrystallisation[27], which is the emphasis of paragraph 2.1.9 on page 24. Dislocation 

strengthening goes along with a fine dispersoid distribution as dislocations are strongly 

pinned by a fine precipitate distribution in the matrix as was shown, for instance, for 

PM2000 by Bakó et al. (2010)[76] Due to the presence of dispersoids, the dislocation density 

in ferritic ODS materials can be very high compared to conventional alloys, even at elevated 

temperatures. Typical values for an as-extruded ferritic ODS steel (14YWT), for instance, 

are 7×1014 m/m³ at room temperature and 2×1014 m/m³ after annealing at 700°C for one h[77]. 
_523_569   
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Methods to summarise the individual strengthening contributions 

The overall material strength is due to the discussed individual strengthening contributions, 

which can be simply summed by linear summation σLS as was done by many researchers 

after  

DSHPPMLS σσσσσ +++= Equation 2  Equation 2 
 
However, as microstructures are complex and individual strengthening effects influence each 

other, this method lead to disagreements between model and true values. Recent work on 

ODS-FeCr alloys indicated that for this class of material, another method, the root mean 

square σRMS lead to significantly improved agreement between model and experimental 

results[63,78]. This method considers 'that the line glide resistance due to discrete obstacles are 

usually proportional to the square-root of the area density of the obstacles' and it can be 

calculated after[63]  

( ) 2
DS

2
HPPMRMS σσσσσ +++= Equation 3  Equation 3 

 

Special effects at high temperatures of > ~700°C 

At elevated temperatures (> ~700°C) thermally activated processes are more distinct leading 

for instance to a significant drop of σHP and changes in particle/dislocation interactions and 

also the occurrence of creep effects[63]. Work on γ'-phase strengthened superalloys suggests 

that also the dislocation motion mechanism changes with an increase in temperature; for low 

temperatures precipitates were sheared by dislocation pairs and increased temperature led to 

dislocation climb over the particles[79]. Also at elevated temperatures, predictions of the 

material strength of up to 1000°C using σRMS and the dispersed barrier model lead to 

excellent agreement with experimental values[63]. 

 

2.1.5 Dispersoids (their formation and the types ob served) 

The formation mechanism of ODS particulates 

According to the Fe-Y phase diagram (Figure 6), Y dissolves in the α-Fe-matrix at room 

temperature only to a very small level, which is lower than the amount of Y added to ODS 

alloys prior to MA.  

However, the formation of a supersaturated solution of Y in α-Fe matrix by a complete 

breakdown of Y2O3 during ball milling, was reported by a number of authors using different 

analytical techniques. For an XRD experiment, approximately 10 times the amount of yttria 

was processed via ball milling compared to the standard alloy and after 48 h MA, X-ray 

diffraction patterns showed no spectra of yttria (Y2O3) or other oxides[56]. Complete 

dissolution could also be confirmed using atom probe tomography (APT) on typical ODS 

alloys[59,83]. _80_605 8081 
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Figure 6: The binary Fe-Y phase diagram shows that Y dissolves at room temperature in 

Fe(α)-matrix at a very small level.[82]  
Reprinted with permission of ASM International. All rights reserved. www.asminternational.org  
_460   82   PAGE 1794                           PERMISSION OBTAINED 
More recently, Williams, et al. (2010)[83] studied the formation mechanism of ODS 

dispersoids during processing of a Fe-14Cr-2W-0.3Ti-0.3Y2O3 ODS steel using APT. The 

study confirmed that yttria (Y2O3) apparently dissolved completely during ball milling for  

50 h in an H2 atmosphere, which was indicated by an even distribution of yttrium ions in the 

material after MA. Clusters consisting of Ti-Cr-O in the range of some nanometres could be 

observed directly after MA. During a following degassing procedure (800°C, 2h)3, the 

structures began to grow to diameters of ~15 nm and decreased in number density. At this 

stage Y was still in solution in the matrix. During HIP (1150°C, 4 h, 200 MPa) using Ar, Y 

seemed to have diffused into such nanoscopic compounds.[83] 

Bhadeshia (2000)[8] describes mathematically that ODS precipitates must form as a coherent 

particle, grow in size and, eventually, become incoherent[8]. The growth and coarsening 

mechanism of dispersoids in ODS materials was suggested to be Ostwald ripening[85] during 

which the free energy of a system reduces while larger particles grow at the expense of 

smaller species by diffusion based interparticle migration processes[86,87]. For dispersoids in 

ODS materials this lead to dissolution of precipitates, but also compositional changes and 

phase transformations have been described[85]. Additionally, complex reaction processes 

between the dispersoid forming elements might also be present[52]. Such oxides in the 

                                                           
3 The powder was put into a gas-dense can with a small hole in it and left at vacuum, followed by 

sealing the can.[81]  
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finished products have been studied by many researchers, but their particular formation 

mechanism and reaction sequences during processing remained unclear. Depending on the 

alloy composition and thermal treatments during processing, the final dispersoids in ODS 

alloys form various reactive element (typically Y) based oxides, which may be, for instance, 

O-Y (Y2O3)
[35,88] or polymorphs of O-Ti-Y[35,89,90], O-Si-Ti-Y[40] or O-Al-Y[88]. Such 

dispersoids have typically one single phase, but also core-shell structures have been 

reported[32,88,91].    _185,_184,_185b _579_580 

An alternative formation mechanism, which is not widely accepted, was proposed by Hsiung 

et al. (2011)[92]. This theory suggests that yttria (Y2O3) fragments during MA and becomes 

amorphous, followed by agglomeration of the formed fragments together with material from 

the matrix. Thermomechanical conditions during ODS alloy processing lead the amorphous 

structures to become crystalline of the type Y-Al-O leaving a shell of amorphous material 

during formation. It is mentioned in the paper that 'a solute-enriched shell forms when solute 

depletion rate from the core is greater than solute diffusion rate from the oxide/matrix 

interface during the crystallization stage'. Depending on the initial size of the amorphous 

structures, such shells may have different thicknesses.[92] 

 
About the role of titanium on dispersoid formation in ODS Fe-Cr-Al alloys 

Controlled additions of Ti seem to decrease the dispersoid size as was shown by Ukai and 

Fujiwara (2002)[93] for a Fe-12vol.%Cr-0.25Y2O3 ODS steel with and without the addition of 

0.8 vol.% Ti. With Ti addition, the altered alloy formed smaller precipitates (4-6 nm) 

compared to the alloy without Ti (8-16 nm)[93]. The reason was suggested to be that the 

presence of Ti slows down the diffusion rate of O as Ti ions have a strong chemical affinity 

to O[54]. On the other hand, precipitates seem initially to nucleate in the form of atomic 

clusters of Ti-O[83]. This role of Ti might be considered to "taylor" ODS alloys for SLM as 

will be discussed later. _166b _136 _40 

 
Overview of chemical structures of the type O-Al-Y 

In conventionally produced ODS alloys similar to Fe-20Cr-5Al, the particulates formed are 

predominantly of the type Al-Y-O. The possible Al-Y-O compound types according to 

standard crystallographic databases (CDS[94], ICSD[95]) are displayed in Table 5, which will 

be used later when assigning Al-Y-O phases in this work. The listing also includes YAP'[96,99] 

which is rarely described in literature and is not included in both databases. The Y2O3-Al 2O3 

phase equilibrium diagram in Figure 7 shows that the chemical compositions of the Al-Y-O 

structures are included as stable phases in the system. The structures YAG[75,105,119], 

YAH [75,116], YAM [92], YAP[75,97,105,116,119] and YAT[97] were assigned in ODS steels and it 

should also be noted that Y2O3
[75,119] was often observed. No cited reference, however, was 

found assigning YAP' in ODS materials. _410 _551 _572  
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Table 5: A summary of Al-Y-O compounds included in standard crystallographic databases. 

Abbreviation Full name 
Molecular 
formula 

Crystal 
type 

Density ρ 
(g/cm³) 

YAG Yttrium aluminium garnet Y3Al5O12 cubic 4.55[98 (after 99)] 

YAH Yttrium aluminium hexagonal YAlO3 hexagonal 4.41[100] 

YAM Yttrium aluminium monoclinic Y4Al2O9 monoclinic 4.53[100] 

YAP Yttrium aluminium perovskite YAlO3 orthorombic 5.35[100] 

YAP' - YAlO3 cubic 5.05[99] 

YAT Yttrium aluminite tetragonal Y3Al5O12 tetragonal 4.12[100] 
_47b_101,_102,_103,_104,_166b,_168b  101  102,103,104,105 
 

 
Figure 7: The Al2O3–Y2O3 equilibrium phase diagram.[107] 

The diagram shows that the chemical compounds of Y3Al5O12 (YAG & YAT, line 2), YAlO3 (YAH & 
YAP, line 4) and Y4Al2O9 (YAM line 5) are included as stable phases.  
106  107  108    Elsevier  FIGURE 1                   PERMISSION OBTAINED 
According to the chemical structure of the Al-Y oxides of Table 5, the atomic fractions of 

the individual elements are summarised in Table 6. The O content of those compounds is in 

all cases 60 at.% and the ratio Al/Y ratio using electron dispersive X-ray spectroscopy 

(EDX) measurements will be used later to pre-characterise the structures observed before 

conducting a phase analyses. Ti containing compounds were not detected in the presented 

investigations. The presence of the Al-Y-O polymorph YAM (having a unique elemental 

composition) was indicated prior to phase analysis using this method.  

Table 6: Atomic fractions of Al, Y and O and the density ρ of various Y-Al oxides.  
Al-Y-O Al (at.%) Y (at.%) O (at.%) Al/Y (at.%) 

YAG 25 15 60 63/38 

YAH 20 20 60 50/50 

YAM 13 27 60 33/67 

YAP 20 20 60 50/50 

YAP' 20 20 60 50/50 

YAT 25 15 60 63/38 
_228 _229 _227  
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The key crystallographic data are summarised in Table 7 and will be utilised later in this 

work together with crystallographic information files (CIF) to assign phases of dispersoids 

(YAM and YAH) in conjunction with data on the individual elemental composition.  

Table 7: Summary of the crystallographic data of various Y-Al oxides.  

Al-Y-O 
Space 
group 

a [nm] b [nm] c [nm] α β γ Ref. 

YAG IA3-D 1.237 (1.237) (1.237) 90° (90°) (90°) [109] 

YAH P63/MMC 0.3680 (0.3680) 1.052 90° (90°) 120° [110] 

YAM P121/C1 0.7458 1.0531 1.1145 90° 108.81° (90°) [111] 

YAP PBNM 0.5167 0.5314 0.7353 90° (90°) (90°) [112,113,114] 

YAP' IA3-D 1.2107 (1.2107) (1.2107) 90° (90°) (90°) [96] 

YAT P 0.751 (0.751) 0.424 90° (90°) (90°) [100] 

_179,180_181 _407_229  
The chemical reactions leading to various Y-Al oxides were studied using pressed nanosized 

γ-Al 2O3 (alumina) and Y2O3 (yttria) powder by Li et al. (2009)[115] by means of dilatometry 

and X-ray diffractometry. The conditions for the experiment were obviously significantly 

different to those in ODS alloys. However, the results suggest that the temperatures during 

ODS alloy processing and the availability of O and Al might result in the formation of 

preferential types of dispersoids. The reaction sequences and temperature ranges found were 

as follows:[115] _215 

• 2Y2O3 + Al2O3 (γ) → Y4Al 2O9 (YAM) [~ 1000°C] 

• Al 2O3 + Y4Al2O9 (YAM) → 4YAlO3 (YAH) [1000-1100°C] 

• YAlO 3 (YAH) → YAlO3 (YAP) [1100°C-1200°C]  

(The polymorphic transition from YAH to YAP during annealing can be 

explained by an instability of the YAH compound[115]) _215b 

• Al 2O3 (γ) → Al2O3 (α) [~ 1200°C] 

• Al 2O3 (α) + 3YAlO3 (YAP) → Y3Al 5O12 (YAG) [1200°C-1300°C]  

 
Recently, Dou et al. (2011)[116] investigated these reaction sequences in an alloy using 

different extrusion temperatures for a Fe-15.4Cr-3.8Al-0.1Ti-1.8W-0.36Y2O3 ferritic ODS 

steel. There, after extrusion at 1050°C, nearly all of the dispersoids consisted of YAH with a 

mean diameter of 3.21 nm. After an extrusion temperature at 1150°C, the particle phases 

changed to ~55% YAH and ~38% YAP[116]. This is interesting and suggests that the reaction 

sequence that was found by Li et al. (2009)[115] might also be apparent in ODS materials. 

Interestingly, the dispersoids in the very similar K3 ODS ferritic steel (Fe-16Cr-4.5Al-0.3Ti-

2W-0.37Y2O3) consisted mainly of YAM with a mean diameter of 6 nm. Compared to the 

steel used by Dou et al. (2011)[116], the extrusion temperature was similar (1150°C). The Ti 

content of the material used for both studies was 0.3wt% and 0.1wt%, respectively. The 

transformation from YAM to YAH is associated with diffusion of the elements Y, Al and O 

through the Fe-matrix. However, there appeared to be an effect of Ti again, which may 

explain why YAM was not transformed into YAH.  _174_204_136 
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Studies on dispersoids in PM2000 

Different types of dispersoids were described in the literature for PM2000, which might be 

associated with a different history of the individual PM2000 samples, which were often not 

described in detail. The key observations are presented in the following overview. 

Globular dispersoids of Y-Al-O (YAM, YAP) and mixed particles of Ti(C,N)/Y-Al-O and 

Al 2O3/TiC were found in early investigations on PM2000 by Herzog (1997)[117]. Also  

γ-Al 2O3 inclusions with diameters up to 300 nm were found. Often, those inclusions were 

compounds including additionally sections of Y-Al oxides (multiphased). There, the fraction 

of γ-Al 2O3 was 3-10 times larger than that for Y-Al oxides.[105,117].  _168,_171 

Klimenkov et al. (2008)[118] carried out a study on the nature of precipitates in recrystallized 

PM2000 plates. The study confirmed the presence of globular YAG and YAP particulates as 

well as elyptical shaped γ-Al 2O3 and α-Al 2O3. Such alumina particles always had diameters 

larger than 20 nm. The paper also described a thin Ti-O bonding layer with a thickness of  

0.5 to 3 nm around all investigated Al-Y-O dispersoids and around Al2O3 particles. The 

nature of this Ti-rich layer remained unclear in the paper and the suggested composition by 

the author is a Y-Ti-O structure.[118] _167 

Chen et al. (2009)[119] studied phase transformations of Y-containing dispersoids in as-

extruded (as-received) PM2000 and in the same material after a recrystallisation treatment at 

1380°C for 1h; the key results displayed in Figure 8. In the as-received condition, the Al-Y 

oxides were assigned to YAG (50%), Y2O3 (34%) and YAP (16%). The annealing procedure 

changed the majority of the particles to YAP without any significant change of the mean 

particle diameter of 21 nm. The results suggested a trend of transformation from Y2O3
4 and 

YAG to YAP. A stated explanation for Y2O3 transformation is the reaction of yttria with Al 

from the matrix. Reduction of the Al to Y ratio in the particulates is an explanation of the 

transformation of some of the YAG to YAP. An explanation given for the remaining Y is  
  

 
Figure 8: Illustration of the change in the phase fraction of Y-Al-O structures before and after 

a recrystallisation treatment.[119]  
Science Reviews 2000                   Maney            Fig. 6        PENDING 

                                                           
4 In the article it has been mentioned that Y2O3 might be remains from Y2O3 added before the MA 

process. Recent (unpublished) work however, suggests that PM2000 powder is free of Y-
containing particles.  
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that this might be associated with segregations to the particles containing for instance Si or 

Ti.[119] _170 

A more recent study by Shen et al. (2013)[97] was aimed to comprehensively assign 

secondary phase particles in the same alloy. Similar to the previous studies, YAP (globular) 

was identified, but also probably YAT (globular), which was never found in PM2000 before. 

Besides this, several Y-free Al, Fe, O, Ti-rich compounds were assigned.[97] 

Pimentel et al. (2013)[75] studied the effect of recrystallisation on dispersoids in PM2000 

using an annealing temperature of 1350°C for 6, 10, 20 and 25 min on as-received (MA + 

HIP + hot extrusion + hot rolled at ~900 ºC + cold rolled). The study also showed that the 

globular particles coarsened from a mean diameter of ~19 nm to ~87 (3h at 1350°C), with a 

higher growth rate of those located on high angle grain boundaries. The latter exhibited 

maximum diameters of 500 nm, whereas intergranular particles reached only max. 60 nm. 

Also the crystal structure of Y-containing dispersoids changed. In the as-received state, yttria 

(Y2O3), YAG and YAH were found and after treatment for 6 min additionally YAP.[75] _488   

 

2.1.6 High temperature creep strength 

Plastic deformation of metallic materials at higher temperatures (≥0.3 TM) is not only 

dependent on stress, but also on time, which can be traced back to partially thermal activated 

atomic position changes. Also intercrystalline mechanisms such as grain boundary slip and 

grain boundary diffusion contribute to creep. The rate of creep can be investigated by 

measuring the time dependent deformation under constant stress (technical creep test).[65,72]  _112  
_113    

As illustrated in Figure 9, a typical observation in such tests is a creep (time t over strain ε) 

curve with three regions. The curve begins with primary creep showing relatively high strain 

rates ε(t) and strain hardening. This is followed by a steady state (or secondary) creep region 

where a constant stress σ leads to a constant creep velocity Sε& . There, the dislocation density 

and dislocation arrangements are mostly retained. ε(t) after larger deformation shows an 

accelerated increase (tertiary creep), which lead to creep fracture. This rupture is different 

than ductile fracture at lower temperatures. The reason for that effect is gradual formation 

and growth of micropores on grain boundaries perpendicular to the direction of stress, which 

weakens the cross section under the influence of load.[72]  _Ilschner    

Creep testing of one specimen can last very long (sometimes several years) and another 

important property is the stress for certain temperatures, which result in rupture (creep 

rupture stress) after a certain period of time, for instance 100,000 h. 

PM2000 and similar Al-containing ODS steels recrystallize (at ~0.9 TM
[52,57,131]) with 

relatively large grains, which are beneficial for high-temperature creep, in particular if the 

stress is transverse to the direction of grain boundaries. Additionally, ODS precipitates 

located on grain boundaries are believed to act as pinning points thus increasing creep 
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Figure 9: Example of a typical creep curve ε(t).  

Creep_curve.jpg _Ilschner                               72 (Fig. 10.22, p. 239, translated)          Equation 4 
resistance further[120]. Dryepondt et al. (2012)[122] give a summary of the high-temperature 

creep strengths of a number of metallic materials including ODS FeCrAl alloys, which is 

displayed in Figure 10. It should be noted that details on the ODS alloy types have not been 

provided and when compared to Figure 11, the values for PM2000 are probably slightly 

inferior.  

 
Figure 10: High-temperature creep-behaviour of different metallic materials including ODS 

Fe-Cr-Al alloys.[122]  
Creep_different_alloys.jpg   _464     p.2            [121].              NO COPYRIGHT 
Creep rupture data for recrystallized PM2000 were provided by Plansee[2] and are displayed 

in Figure 11. These values will be used at a later stage as a reference for trials conducted.  

2.1.7 Tensile testing and experimental results for PM2000 

Tensile tests are standardised test procedures of materials characterisation to determine, for 

instance, ultimate tensile strength UTS and yield strength YS and the strain to rupture. During 

the test, the specimens are stretched constantly until rupture occurs while measuring the 

required force F and the true strain ε, which is defined as the quotient from the length change 

and the original length of the gauge section.[123]  
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Figure 11: Stress rupture strength properties of recrystallized PM2000 (grain class 6) in 

different forms.[2] 
The diagrams show the data of (a) bar material and (b) sheet material in the longitudinal and 
transverse directions. L: longitudinal direction; LT: transverse direction.  
Creep_diagram.jpg    Plansee brochure _337       p.16              PERMISSION OBTAINED 
 
Based on the cross section area A0 of the specimen before the test, the engineering stress can 

be calculated by 

0A

F=σ   Equation 5 

The results of these tests are stress-strain curves from which the material-specific key values 

can be determined. The example in Figure 12 shows a typical curve for mild steel which 

starts with elastic behaviour until reaching the upper yield strength YSU. If the deformation 

continues, irreversible deformation occurs leading to necking, reaching the UTS and rupture.  

Often, due to material specific properties, the tensile diagrams do not show a distinct YS 

point and an 0.2% strain offset yield point, designated as YS0.2 is used instead. This approach 

will also be used in the present work. This property is the stress for which the plastic 

deformation of a specimen relative to its initial length is 0.2% and can be determined from  
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Figure 12: Engineering stress-strain curve of a typical mild steel.  

Tensile_test.jpg   _458     
the stress-strain curve. 

According to definition, the Young's modulus is the ratio of stress to the strain in the elastic 

range of materials in the stress-strain plot and can be determined by 

ε
σ=E   Equation 6 

Recently, Rieken et al. (2013)[50] published results on tensile testing of several ODS steels at 

room and at elevated temperatures including fine and coarse grained PM2000 (Figure 13).  

 
Figure 13: Summary of tensile data of a number of ODS steels including PM2000.[50]  

The diagrams show (a) 0.2% yield strength data and (b) tensile strength data.  
 PM2000_Tensile_data   _450       TMS      ->     p.22  PERMISSION OBTAINED 
Fine grained PM2000 is produced via a special heat treatment by the manufacturer, while 

coarse grained PM2000 is identical with the recrystallized condition. The compositions of 

MA-957 and PM2000 are included in Table 4 on page 6. The composition of GA-130A is 

Fe-16.3Cr-0.9W-0.6Ti-0.08Y-0.26O (all in at.%) and which of GA-130BM is Fe-15.8Cr-

0.9W-0.6Ti-0.08Y-0.57O (all in at.%). Very similar data on the tensile strengths of 

recrystallized PM2000 at elevated temperatures were published previously by Klueh et al. 

(2005)[124], by Schneibel et al. (2011)[62] and by Morris and Muñoz-Morris (2013)[78]. 
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Associated with a decrease in grain size of PM2000 was also an increase in yield and tensile 

strength, which was probably associated with grain boundary strengthening.  _450_39  

Figure 14 plots the total elongation of the tensile tests, which increased for both conditions 

of PM2000 from ~10% at room temperature up to ~60% at 800°C. This was followed by a 

rapid decrease in the value of ~30% (fine grain) and ~15% (coarse grain) at 1000°C. 

Associated with this effect was a transition of the fracture mechanism from transgranular 

(≤800°C) to intergranular (1000°C) fracture. This is interesting and an explanation offered 

by Steckmeyer et al. (2010) is a depinning effect activated above 800°C[125]. 

 
Figure 14: Data of the total elongation of a number of ODS steels during tensile  

testing.[50]  
PM2000_Total_Elongation   _450          TMS      -> p.23  PERMISSION OBTAINED 
 

2.1.8 Resistance against He embrittlement 

ODS alloys developed for fusion and fission applications (excluding PM2000 due to Al in 

the alloy) show good resistance against neutron or ion damage. Typically, such alloys 

contain elements which do not transform into unwanted long-life transmutation isotopes 

when exposed to neutron irradiation. Al (PM2000: Al = 5.5 wt.%) is one of these elements 

that needs to be avoided in such alloys due to this effect[127]. ODS nanoparticles of the type 

Y-Ti-O, for instance, are mechanically stable in extreme environments, such as 3 dpa5 at 

600°C or 38,000 h hot time at 800°C[126]. A fine dispersion (finer than in PM2000) of ODS 

dispersoids act as sinks and trap transmutation He and vacancies, which would lead to 

embrittlement and swelling and forms when the material is exposed to neutron or ion 

radiation[9,10,126,127]. Figure 15 shows an example of the evolution of cavities when a 9Cr 

ODS-free and ODS containing steel is irradiated with the same He-ion dose in order to 

simulate fast neutron damage. The ODS containing material does not show indications of He 

bubble formation along the grain boundaries, since this gas is trapped on nanoscopic 

precipitates, which is, however, the case for the ODS-free steel. _462_304 _303 _462 _486   

                                                           
5 dpa is a unit describing the damage during irradiation which occurs if an atom is displaced from its 

original position in a lattice. The unit represents the number of displacements per atom of irradiated 
material (dpa = displacements per atom).  
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Figure 15: TEM images showing the evolution of cavities of with the same He-ion dose 

irradiated (a) ODS-free 9Cr steel and (b) an 9Cr ODS steel.[9] 

With kind permission of Scientific.net and Dr R. Kasada, Institute of Advanced Energy, Kyoto University 
(Japan).  
ODS_radiation.jpg       _304             Scientific.net     fig.2         PERMISSION OBTAINED 
 

2.1.9 Recovery and recrystallisation 

Introduction 

Static or dynamic (during deformation) recovery is characterised by the reduction of 0-

dimensional (vacancies and interstitial atoms) and 1-dimensional (dislocations) lattice 

defects induced typically by plastic deformation. A key characteristic of recovery is that no 

new grain structures (except subgrains) are formed and high angle grain boundaries do not 

migrate. Dislocations, however, slip, glide and climb into energetic more convenient 

positions leading to bending of a single crystal, which may initiate the formation of low 

angle grain boundaries in subgrains. Such subgrains can also coarsen when recovery 

continues. Recovery is driven by the stored energy (dislocation density, grain boundary 

energy, grain size) before and after the process and leads to a reduction of material strength, 

an increase of ductility and a reduction of internal stresses. The mechanism occurs at lower 

temperatures than recrystallisation at typically <⅓ Tm.[65,72,128] _549  

Recrystallisation is the depletion of lattice defects (mainly dislocations) of any region and is 

associated with nucleation of new grains and grain growth perhaps more than once. 

Recrystallisation leads to the elimination of deformed grains and to a decline in strength due 

to the reduction of dislocations and an increase in ductility. Recrystallisation during 

deformation is called dynamic recrystallisation, while static recrystallisation happens after 

the deformation process. During recrystallisation, high angle grain boundaries (>10-15° 

misorientation) migrate through the material.[65,72,128]  

The key characteristic of primary recrystallisation is nucleation and growth of new grains, 

which fully consume the existing microstructure which has a higher stored energy than after 
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the process. Nucleation happens in regions with the highest density of dislocations and 

strain-hardening, which are grain boundaries, (larger) secondary phase particles, deformation 

bands, crossing points of twins or free surfaces. Typically, the grain boundaries migrate at 

similar gradients leading to individual grains with a similar size. Typical metallic materials 

recrystallize at around 0.6 Tm
[42,57] and pre-annealing can be applied at temperatures below 

the recrystallisation temperature, which can reduce this stored energy by recovery[128]. On the 

macroscopic scale, recrystallisation lead to an increase in ductility (total elongation), 

whereas both hardness and tensile strength decreases[72]. _444 _549   

Burke and Turnbull (1952)[129] describe six laws of recrystallisation, which are as follows. _550  

• 'A minimum deformation is necessary to initiate recrystallizationrecrystallization.' 

• 'The smaller the degree of deformation, the higher is the temperature required to 

initiate recrystallizationrecrystallization.' 

• 'Increasing the annealing time decreases the temperature required for 

recrystallization.' 

• 'The final grain size depends chiefly upon the degree of deformation and to a lesser 

degree upon the annealing temperature, normally being smaller the greater the degree 

of deformation and the lower the annealing temperature.' 

• 'The larger the original grain size, the greater the amount of deformation required to 

give equivalent recrystallization temperature and time.' 

• 'The amount of deformation required to give equivalent deformational hardening 

increases with increasing temperature of working and, by implication, for a given 

degree of deformation a higher working temperature entails a coarser recrystallized 

grain size and a higher recrystallization temperature.'  

 
Additional to this, Cahn (1970)[128] adds two further rules to this, which are:  

• 'New grains do not grow into deformed grains of identical or slightly deviating 

orientation.'  

• 'Continued heating, after primary recrystallization is complete, causes the grain size 

to increase.'  

 
For the latter rule, the phenomena is also called grain growth where larger grains grow on 

the expense of smaller species by grain boundary movement. The gradually occurring grain 

growth can be interrupted by a process called secondary recrystallisation, coarsening or 

anomalous grain growth, where some grains grow to very large sizes at the expense of 

smaller grains. For both effects, the driving force is mainly the reduction of the grain 

boundary energy.[128,131] 



Literature review and background 2 

- 26 - 

As Pimentel et al. (2014)[130] reviewed, the two common explanations consider that there is 

an increased mobility of coincidence site lattice (CSL)6 grain boundaries or of the high angle 

grain boundaries, respectively. However, that article also mention that both models are not 

fully convincing and the following note is added: 'The investigation of the mechanism 

controlling abnormal grain growth in steel has been ongoing for many years and continues 

up to now'.._635  

 
Recovery and recrystallisation of ODS alloys and PM2000 in particular 

As-extruded PM2000 bar material shows a very fine grained microstructure consisting of 

high angle grain boundaries (mostly 40-55°) and low-angle crystal boundaries[131]. 

Micrographs of this material configuration are illustrated in Figure 16. _45 132133 

 
Figure 16: The grain structure of as-extruded PM2000 bar material in the centre  

region.[131]  
The images show (a) a scanning electron microscope channelling contrast image and (b) a grain 
orientation map.  
as_extruded134               Wiley    fig.1      PERMISSION OBTAINED 
It was found that during recovery of as-extruded PM2000 low angle boundaries migrate by 

climb or slip of dislocations and small ODS particles interact with this mechanism leading to 

shape changes of sub-grains. Migration of high angle boundaries, however, requires higher 

activation temperatures (close to recrystallisation temperature) in order to overcome pinning 

of dispersoids.[131]  

ODS alloys show an unusual behaviour of recrystallisation as they (secondary) recrystallize 

at high temperatures slightly below the melting point at around 0.9 TM
[52,57,131]. In ODS alloys 

this process happens very rapidly[135] and nearly no intermediate structures can be 

observed[136]. The effect of the high recrystallisation temperature was originally believed to 

                                                           
6 A kind of superstructure which occurrs if two different lattices are rotated against each other and 

during certain angles, some lattice points of the individual lattices fit together[132]. CSL grain 
boundaries contain a lower energy than high angle grain boundaries, whereas their mobility is 
increased[133].  
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be caused by pinning of nanoscopic γ' precipitates in early Ni-base ODS materials[137]. Fe-

base (γ'-free) ODS material were developed later, but exhibited a similar behaviour. The 

theory of recrystallisation in ODS alloys was extensively discussed by Bhadeshia (2000)[57], 

who concluded that this cannot simply be explained by the presence of fine precipitates, but 

rather by the fact that the amount of energy required to initiate nucleation by 'bowing of 

grain boundaries', which are obviously strongly pinned by triple grain boundary junctions in 

fine grained material[57]. This indicates that a high activation energy is required to 

recrystallize ODS materials similar to PM2000. Recent work by Pimentel et al. (2014)[88] 

indicated that ODS particles pinning high angle grain boundaries coarsen during 

recrystallisation annealing, which results in a reduction of the pinning efficiency and initiates 

eventually the recrystallisation process[88]. A method to significantly reduce the required 

temperatures to initiate recrystallisation is cold deformation[42,131], which might be due to 

induced heterogenities acting as nucleating points for grain growth and an increase of the 

stored energy. _90 _189b, _190, _106b_189  _106_330 _106b, _193, _194,_330_525 

It was shown by Chen et al. (2009)[131] that secondary recrystallisation of as-extruded 

PM2000 can be observed when annealed at 900°C/1h in regions subject to strong 

deformation; full secondary recrystallisation of as-extruded material was achieved while 

conducting annealing of 1200°C/1h[131]. However, probably due to lower rates of 

deformation prior to annealing, the temperature used by many researchers to induce 

recrystallisation of PM2000 is a treatment at 1380°C for 1 h, which leads to a very coarse 

elongated grain structure with grain widths in the cm range and nearly endless lengths in the 

extrusion direction, often as long as the sample (Figure 151c,d on page 184).  

Elongated grains with a high aspect ratio in ODS alloys on recrystallisation can be achieved 

in three ways:  

• Extrusion causes the ODS particles to be aligned in the squeezing direction, 

which attributes directional grain growth.[57]  

• If dispersoids are not aligned, directional elongated grain growth may be 

achieved by applying a thermal gradient, which can be static or transient along 

the extrusion direction.[57] 

• Heating to a specific temperature below the recrystallisation temperature and 

conducting a low mechanical deformation to control columnar grain growth 

parallel to the direction of the stress.[138]
_194b,_92, _199b  

 

2.1.10 High-temperature oxidation 

The principles of the formation of protective scales on alloys similar to Fe-20Cr-5Al  

Conventional (ODS-free) ferritic steels of the types Fe-Cr-Al and Fe-Cr form oxide scales, in 

the transient state, when oxidised caused by inward diffusion of O2- ions and a converse flow 



Literature review and background 2 

- 28 - 

of cations (eg. Al3+)[139,140 (after 141)]. Alumina scale forming alloys have typically better 

oxidation resistance compared to Cr-O forming alloys, in particular, in hot air+H2O and 

CO2+H2O atmosphere above 1000°C and 1100°C respectively, in for example, power plant 

applications[142,143]. Reasons for this might be formation and volatilisation of the Cr2O3 scale 

in the form of Cr2O2(OH)2 and grain refinement of the Cr-rich scales under such 

conditions144. _558  

The process of scale formation of a Fe-20Cr-5Al steel is illustrated in Figure 17. In the early 

stages, Fe and Cr oxides form on the scale surface, which are successively incorporated into 

an Al oxide scale and dope them with Fe and Cr[27]. The growth process of the predominantly 

α-Al 2O3 scale formed at high temperatures (>~1000°C) on such alloys shows initially small 

equiaxed grains, approximately 0.5-1 µm in diameter[146,147,148]. This is followed by the 

growth of ~ 2-3 times longer columnar α-Al 2O3 grains oriented perpendicular to the substrate 

at the oxide/metal interface formed due to the ionic transportation processes[146,147] and oxide 

inward growth[145]. The grain morphology of the alumina scale appears to be independent 

from the texture of the substrate[140,149]. _84 

 
Figure 17: Illustration of the formation of different scale layers and the formation of voids on 

a Fe-20Cr-5Al alloy during high-temperature oxidation.[151] 
Al-scale.jpg   Wiley       Materials and Corrosion        fig.5         PERMISSION OBTAINED 
The scale growth process, but also spallation followed by re-healing consumes Al near the 

metal surface[150]. As the Al content in the substrate of a Fe-20Cr-5Al alloy drops below the 

critical fraction a layer of chromina starts to form at the metal/scale interface [151]. This 

critical Al content depends on several parameters, for instance, the presence of reactive 

elements, the oxidation temperature or the oxidation atmosphere. Typical values are for 

instance ~0.5 wt.% for typical Fe-20Cr-5Al alloys oxidised in laboratory air between  

900-1200°C or ~1.7wt.% for the ODS-Fe-20Cr-5Al alloy MA 956 exposed to  

1300°[153 after 154 & 155]. This mechanism is due to the oxidation potential of Al > Cr > Fe as 

those elements with a high oxidation potential oxidise preferentially. The bond dissociation 

energies D0 for the participating metals with one O molecule (MO) are: Al-O =  

460-569 kJ/mol; Cr-O = 394-454.5 kJ/mol; Fe-O = 106.3-226 kJ/mol; the numbers are for 

simple molecules at 0 K[152]. This Cr oxide scale shows equiaxed grains in the size of the 

outer alumina layer. Also void formation is reported below the chromia layer as the 

oxidation process goes on, which is due to metal consumption[151]. C containing metals 

exhibit additionally another process of void formation, where O provided by inward 

diffusion reacts with C and forms CO2 gas at the scale-metal interface[150]. Another cause of 
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void formation are stresses in the scale induced during growth leading to buckling and loss 

of its adhesion[165]. _83b,_ 245,_270,_271, _275,_274    152[153 after 154& 155] _220b, _322,_331,_332  

Moseley et al. (1984)[156] observed a sequence of the formation of various alumina 

polymorphs on an alloy of this type, which is _299 

γ-AlO(OH)  → °C500  γ-Al 2O3  → °C750  δ-Al 2O3  → °C900  θ-Al 2O3  → °C1000  α-Al 2O3 

Later work by Maréchal et al. (2003)[157] on PM2000 indicated that also direct transformation 

of γ-Al 2O3 into α-Al 2O3 can occur. The oxidation atmosphere in that study was Ar/H2 to 

minimise effects from additional O2 to the reaction.[157] _244b  

When formed in dry or humidified air, the α-Al 2O3 scale is well-adherent[140], but seem to be 

less protective by increasing fractions of C in the alloy as this increases adhesive scale 

spallation due to the formation of Cr-carbides (exhibiting low strength), supposedly on 

cooling during cyclic testing, at the scale/metal interface (but also on grain boundaries)[158]. 

Decreased adhesion properties were also observed at lower oxidation temperatures 

(<1000°C) as fast growing metastable θ and δ-Al 2O3 forms if oxidised in dry or humidified 

air[157 (after 159, 160)]. _254 ,_271b ,_311,_244 ,_245b _245b,_241 ,_273, _271b 

The mass increase per unit area can be described by the power law[161] 

rnktm=∆ Equation 7  Equation 7 

The mass gain per unit area is given by ∆m, while k is the corresponding rate constant of 

oxidation and t is the time of exposure. The rate exponent is given by nr. The characteristic 

values for PM2000 will be presented at a later stage.  

 
The effect of minor additions of reactive elements into Fe-Cr-Al alloys 

Despite the high oxidation potential of Y (the bond dissociation energy D0 for Y-O is  

644 kJ/mol[168]), which is higher than Al, Cr and Fe, Y does not form a scale above the Al2O3 

layer. This is due to a low diffusion rate of Y in α-Fe matrix and the low concentration of the 

element in the alloy[27]. The diffusion coefficient of Y in α-Fe is five orders of magnitude 

lower compared to Ti in an α-Fe matrix[162,163 (both calculated after 164)].  164 _77_494_251 

The incorporation of minor additions of reactive elements (RE), for instance La, Hf, Y, Zr 

changes the oxidation behaviour towards scale growth, spallation and adherence of the scale, 

which can be used to optimise scale lifetimes[166,165,166]. For a Fe-23Cr-5Al alloy, the 

controlled addition of Hf and Y lead to, for example, a 50% increased lifetime of the 

protective properties[167].Tatlock et al. (2009)[147] revealed recently that Y and Hf segregates 

randomly on grain boundaries of α-Al 2O3 scales a Fe-20Cr-5Al alloy containing  

0.033 wt.% Y and 0.031 wt.% Hf[147]. _311b _287,_ 221,_ 326,_281 

Pint (1996)[165] reviews 170 cited publications to conclude that RE effects observed for 

alumina and chromina scale forming alloys can be explained by the dynamic-segregation 
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theory. Generally, cations from RE diffuse along the fastest possible path, the grain 

boundaries of the scale, towards the oxide/gas interface and the grain boundaries become 

enriched in RE. The driving force of this effect was found to be the gradient of the O 

potential through the scale. Segregations of RE-ions at grain boundaries and the metal/oxide 

interface lead to a suppression of cation outward diffusion leading to a reduced rate of scale 

growth. RE also decreases the average grain sizes of the scale due to a so called solute-drag 

effect. The positive effect of RE additions was apparent in the temperature range of 1100 to 

1300°C.[165] _287b,_296 168 

It appears to be not fully understood whether the source of Y arises from concentrations of 

this element in solution in the matrix or/and from dissolution of chemically stable 

dispersoids. The simple inclusion of dispersoids from the substrate could be clearly excluded 

as observed Y-rich particulates which forms on grain boundaries of the alumina scale are 

clearly larger[169]. Czyrska-Filemonowicz et al. (1995)[170] reported observations indicating 

that yttria dispersoids dissolve during heat treatments as dispersoids deplete in the zone near 

grain boundaries[170], while Versaci et al. (1993)[169] could not find indications of such effects 

while searching for them specifically[169].  Przybylski et al. (1987)[171] proposed that Y-rich 

grain boundaries result from segregations of Y atoms or Y ions[171], however more recent 

studies suggest that the formation of Y-rich compounds including O is at least present 

additionally[169]._286b,_329b,_67b 

Another beneficial effect of RE addition is a reduction of void formation at the interface 

between oxide and alloy caused by a suppressed cation transport through alumina or 

chromina scales[172]. As was described by Pint (1996)[165], the latter significantly reduces 

consumption of Al during oxidation. An increasing content of Y in Fe-Cr-Al alloys changes 

the appearance of the scale towards more columnar orientated grains, probably caused by 

such changes of the diffusion mechanism through the scale[141]. Due to changes in the 

diffusion mechanisms with the presence of RE's, the dominating scale growth is caused by O 

inward diffusion along grain boundaries[7,139] as was confirmed using 18O tracer[174]. No 

principal difference in the oxidation process of alumina and chromina forming ODS alloys 

was found when adding Y, however, the beneficial effect of this element seem to be more 

distinct in the case of alumina formers[172]. _286_325 _82,_83_286b  

Conventional Fe-Cr-Al alloys contain typically low levels (~50-70 ppm) of S, which result 

in the formation of Al and Cr sulphides at the metal/scale interface leading to a decrease in 

scale adherence while such alloys are oxidised at high temperatures[175,176]. The addition of 

RE's, such as Ce, Y or Zr to the alloy has a beneficial effect on the protective properties as 

those form stable RE-sulphides predominantly to those detrimental compounds[175,176]. 

Mennicke et al. (1998)[177] showed, that already less than 5 ppm of S in the alloy has a 

significantly negative effect on the adhesion and spallation of the α-alumina scale; however, 

small additions of <0.1wt.% Y to the alloy decreased such detrimental effects.[177]  _276_285_328 
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Experimental observations on the oxidation of PM2000 and similar alloys 

Long term (~10k h at 1100°C) isothermal oxidation of PM2000 in laboratory air resulted in a 

scale, which is enriched in Y in the outer regions[178]. This was probably due to the fact that 

the level of Y in the alloy close to the scale dropped below a critical level after a certain 

time. Therefore, Y was no longer available for diffusion into the scale and retaining the 

beneficial properties. Consequently, inward oxidation continued by forming an Y-free 

alumina scale below the Y-enriched layer after the source of Y was exhausted. _108   

Simply rising the Y level in PM2000-type alloys (Fe-20Cr-5.5Al-0.3Ti-0.5Y2O3), added 

before MA, however, did not increase the oxidation lifetime. The result in this case was a 

smaller grain size of the scale and, thus, more grain boundaries acting as inward diffusion 

pathways for O, which caused a faster scale growth rate. Also the tendency to form voids 

and cracks in the scale was enhanced. Consequently, the growth rate of the scale was 

increased and spallation occurred, resulting in weaker oxidation life time compared to low-Y 

and Y free alloys with similar elemental composition. In the alloy, the threshold within Y 

addition leads to beneficial effect on oxidation behaviour was found to be approximately 

0.5wt%.[170,179] _329_295   

There is perhaps a beneficial effect of Ti in scale formation of ODS-FeCrAl alloys[27], which 

however, has not been reported in literature.  

The effect of rough surface finishes on oxidation behaviour of this type of ODS steels  

(MA 956 at 1100°C in air) was studied by Guttmann et al. (2003)[180]. It was shown that 

smooth surface finishes have improved scale adhesion properties compared to 800 grit 

finishes. Convex regions on the surface were found to enhance scale spallation, whereas 

concave structures inhibit good scale integrity, which is due to a stress-related buckling 

mechanism in the scale.[180] key paper _321 

Figure 18 illustrates weight change data of PM2000 when isothermally oxidised in 

laboratory air. The mass gain of the scale is increased in the initial stages of the oxidation 

followed to a constant growth process of the scale. The graph of 1200°C and 1300°C 

indicates spallation of the scale starting between ~30 to ~40 hours and ~10 to ~20 hours 

respectively.[178]   _108b  

Phases in the scale formed in these trials were studied by XRD and scanning electron 

microscopy (SEM) - EDX; the key results are displayed in Figure 19. Within the temperature 

range investigated, the scale formed consisted of α-alumina in conjunction with other phases. 

These were described as (Cr,Fe)2O3 at 900, 1000 and 1100°C, while major fractions of  

θ-Al 2O3 were present additionally at and above 20h for an oxidation time of 900°C. θ-Al 2O3 

was also detected between 20 and 30 hours at 1000°C. (Cr,Fe)2O3 was also present at 1200 

and 1300°C trial temperature for oxidation times up to 60 and 5 hours, respectively. Minor 

fractions of the oxide, however, were present for longer oxidation times. The (Cr,Fe)2O3 

phase was present above the α-Al 2O3 scale and as inclusions.[178]  
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Figure 18: Results of a study of the weight change of PM2000 while oxidised in laboratory 

air.[178] 

With kind permission of Springer Science+Business Media.  
             Oxidation of Metals     Springer                  fig.1    PERMISSION OBTAINED 
 

 
Figure 19: Time-temperature-transformation diagram of various phases observed in the 

scale of high-temperature oxidation of PM2000.[178]  
Symbols indicate major (XRD) and numbers minor (SEM-EDX) fractions. 

With kind permission of Springer Science+Business Media.  
Oxidation of Metals     Springer                          fig.4  PERMISSION OBTAINED 
Experimental studies on PM2000 lead to oxidation rate constants for estimations of the mass 

gain ∆m after Equation  on page 29, which are displayed in Table 8.  

Table 8: Rate constants of PM2000 oxidised in laboratory air determined experimentally.[181]  
900°C 1100°C 

nr [-] k [ (g cm-2) s-n ] nr [-] k [ (g cm-2) s-n ] 

0.34 1.11×10-8 0.35 4.17×10-8 
_279   181    (summary of values in the paper)    PERMISSION OBTAINED 
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2.2 Review of Inconel IN939 
2.2 
Review of Inconel IN939 

Buttons and pins made of the Ni-base superalloy Inconel IN939 were coated with PM2000 

as described in Chapter 7. Hence, an introduction to Inconel IN939 is included here.  

The term superalloys was originally used for high temperature materials used in aircraft 

components. Such alloys were developed for applications where high temperatures (above 

650°C) meet mechanical stresses together with a need for a special resistance against surface 

corrosion and erosion. Nowadays, different types of alloys can be classified as superalloys, 

such as:[182] _163 

• iron-base alloys containing chromium and nickel 

• complex iron-nickel-chromium-cobalt compositions 

• carbide-strengthened cobalt-base alloys 

• solid-solution-strengthened nickel-base alloys 

• precipitation- or dispersion strengthened nickel-base alloys 

 
Commercial manufacturing processes for superalloys include casting, forging and forming, 

wrought materials and powder metallurgy[13]. _164[183184185] 

The fuel grade for marine and land-based turbines is relatively low7 and includes certain 

amounts of sulphur while the service intervals are required to be long and often up to 

100,000 hours[186,187]. Inconel IN939 was designed by Inco Europe Ltd. for applications 

under such conditions with the focus on offering good high temperature strength and hot 

corrosion resistance[187,188], achieved by a high content of chromium, a low content of W and 

Mo[189]. The elemental composition of Inconel IN939 is displayed in Table 9.  

Table 9: Elemental composition of Inconel IN939 (in wt.%).[Provided by the supplier]  
Ni Cr Co Ti W Al Nb Ta C 

bal. 22.5 19.0 3.7 2.0 1.9 1.0 1.4 0.15 
 
Additional requirements were a sufficient stress and creep rupture capability, castability, an 

adequate impact strength and microstructural stability [186,187]. While oxidised in air, the alloy 

forms stable scales composed of titanium oxide and chromia[189]. The temperature of 870°C 

(cyclic or isothermal in air) is supposedly the upper temperature limit of the alloy as 

strengthening nanoscopic γ' phases are stable up to that temperature[187] and comprehensive 

oxidation studies were conducted at 870°C for up to 10,000 h[190]. Due to these properties, 

the main application sector of the alloy are vanes in industrial gas turbines[191]. Recent 

application studies on Inconel IN939 cover components for aerospace industry, for instance, 

sprayformed diffuser cases and turbine exhaust cases[192]. Compared with other alloys of the 

                                                           
7 This means that there are certain contaminants included in the fuel, for instance, sediment, water, V 

(vanadium), S, Al, Si, etc.[183]. For marine turbines, e.g. S is up to 4.50% m/m.[183,185]  
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same type, for instance IN718 or C263, IN939 tends to be more brittle, but shows higher YS 

at high temperatures (especially between 650 and 850°C)[192,193,194]. _132b,49,162  _14_128,_147b _146,_147_7 _127  

The typical manufacturing route of Inconel IN939 includes conventional or investment 

casting, with further heat treatment and was extensively described by Gibbons and Stickler 

(1982)[187]. The alloy exhibits a Ni-base γ matrix, whereas 21% of the structure consists of 

strengthening nanoscopic γ'-phase and primary carbide segregations[195]. The recommended 

post-cast heat treatment consists typically of four stages and supports the required creep 

properties at temperatures above 800°C and a good tensile strength; depending on the 

cooling gradients after the several heating stages the grain sizes may be different[187]. There 

also exist simplified heat treatments with less stages, which results in inferior mechanical 

properties compared to the recommended treatment[196,197,198,199]. Table 10 shows some 

characteristic temperatures of the alloy. _Gibbons _38_147b  _155,_150,_154,_149   _148,_151  

Table 10: Characteristic temperatures of Inconel IN939.  
Temperature [°C] Phase reaction References 

1340 Liquidus temperature [200,199] 

~1300 Formation of primary MC [199] 

1235 Solidus temperature [200,199] 

1080-1100 Solvus temperature of γ' [199,201] 

 

2.3 Selective laser melting 
2.3 
Selective laser melting 

2.3.1 Basics of laser technology 

The fibre laser207208 

Fibre lasers are a relatively new type of solid state laser originally developed for 

telecommunications by Elias Snitzer in 1988[209]. The laser beam is generated in a fibre that 

is doped with laser active ions, such as Nd, Yb or Er which are excited (pumped) by a diode 

laser beam coupled longitudinally to the fibre. Characteristics of the generated laser beam 

are a short wave length similar to Nd:YAG and an excellent beam quality M2, which is 

determined as the product of the minimum laser beam radius and the half angle of the 

divergence[213]. Due to the short wavelength8, the laser beam can be transported in fibres, 

which is, for instance, not possible using CO2 laser light[210] having a significantly larger 

wavelength. Compared to other common laser types, fibre lasers offer a high efficiency in 

beam generation, which is up to 25%[213] and they are inexpensive[211]. _573  

 
 
 
 

                                                           
8 For the laser sources used in this work, the wave length was λ = 1.07 - 1.09 µm and M2 was 1.1. 
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The theory of stimulated emission in solid state lasers 

A solid state crystal, typically YAG is doped with the laser active ions of approximately 1%. 

The process of stimulated emission is achieved by exciting (pumping) the added ions using 

optical energy as illustrated in Figure 20. Such pumping results in a transition of the active 

ions from the lower absorption band 0 to the higher state 3. Due to a short lifetime of ions in 

this position, most of the laser active ions in level 3 change into level 2, where they become 

more stable. Coherent laser light is being emitted in a characteristic wavelength during the 

decay of the energy level from state 2 to level 1. If the solid state crystal is continuously 

cooled, the lifetime of state 1 is relatively short and ions attenuate rapidly to level 0.[212]  

 
Figure 20: Basic model of energy states and transitions in a Nd:YAG crystal. 

 212 
Laser_levels.jpg 
Laser material interaction 

The physical effect responsible for the energy transmission from laser light into heat 

available for technical processes, for instance SLM, is mainly absorption of radiation by free 

electrons in an electron gas which are able to freely oscillate without effects on the atomic 

lattice[203]. Hügel and Graf[213] and Dearden[214] present models, where a laser beam with the 

power P hits a surface and only a certain amount of process power PP is generated into heat, 

utilised for the intended process. As illustrated in Figure 21, the energy balance can be 

described by  _489  

VRKPChA PPPPPP +++=+ Equation 8  Equation 8 

where, PA is the absorbed power, PCh is the chemical power, for instance, caused by 

oxidation, PK is the power loss due to a convective heat loss caused by a gas flow over the 

zone of laser material interaction. PR is the power loss due reflection and PV is the power loss 

due to heat convection.  

The variables are reliant on the geometry of the laser input zone and multiple interactions of 

the beam with the material are possible (e.g. in powders due to reflections or by keyhole 

formation). The process efficiency ηP is defined by[213] Huegel, S. 117 
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Figure 21: Illustration of the mechanisms of the energy balance. 

In this example the process power PP equals the power required to melt the volume of the melt pool.  
xxx Laser_interaction   213 (p. 118) 

 

P

PP
P =η   Equation 9 

The rate of reflectivity R leading to power loss due to reflection PR depends strongly on laser 

and material properties with dependencies displayed in Table 11.  

Table 11: Dependencies of reflectivities.[214]  
Property Dependency 

Temperature T R ∝  1/T 

Wavelength λ R ∝  λ-1/2 

Thermal conductivity σC R ∝  σ-1/2 

Surface roughness Ra R ∝  1/Ra 

Intensity I0 R ∝  1/I0 

Angle of incidence Complex (Fresnel9) 

Polarisation Complex 
 ask Geoff         PENDING 
 
Plasma formation 

Plasma is a gaseous media in which molecules, atoms, ions and electrons interact by a 

continuous energy exchange together with the irradiated area[213]. Plasma formation during 

laser material interaction is typical if the energy density of the irradiated area reaches a 

specific ionisation potential (photo ionisation and impact ionisation)[213]. It was shown by 

Zeldovich and Raizer (1966)[215] that a CO2 laser beam, for instance is 100 times more 

strongly absorbed by a plasma than a Nd:YAG laser beam due to this interaction. The 

plasma also changes the Brewster angle, which alters the focus[203]. Consequently, a number 

of issues are associated with plasma including an energy loss of the laser beam as plasmas 

interact with electromagnetic rays. The effect of this result is that the laser beam does not 

                                                           
9 Fresnel Equations describe quantitatively the reflection and transmission of an even 

electromagnetic wave on an even interface.  
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interact with the material using its intended power, distribution of the energy density, beam 

geometry, energy in-coupling and, hence, changes the process results. However, plasma 

formation sometimes increases the energy input under certain conditions as it can diminish 

reflectivity of the laser beam on the metal[216]._52 Huegel p. 152_387  _402 

 

2.3.2 The principles of rapid technologies and tech nology overview 

Recent decades have shown the trend of a decrease of product development cycles. This 

results in a constant need to fabricate work pieces with mechanical and optical properties 

similar to conventionally processed parts in short amounts of time. The technologies used to 

rapidly fabricate such components in the initial stages of product development are described 

with the term Rapid Prototyping (RP).[217] _376 

Rapid Tooling (RT) is the technology to fabricate moulds or tools for pre-series production 

and the manufacture of prototypes, typically in the second step of product development[217]. 

Examples are not only additive processes and include NC machining and vacuum casting.[218] 
_376 _114 

Rapid manufacturing (RM) are typically RP techniques that are used to manufacture serial 

parts or using RT to produce those. Advantages of such an approach are, for instance, just-in-

time production with the automation of the lot size 1 as was envisioned by Liker (2004)[219], 

a decrease in product life cycles[217,220], the increase in the variants of products[217,218], spare 

parts on demand[220], drastically reduction of the scrap/use ratio of expensive materials[279] 

and advantages in product design[218,221]. In regard to the alloys in this work, the method may 

also allow the repair or restoration of gas turbine blades[222] or of labyrinth seals[223]. In the 

medical section, customized applications cover, for instance, hearing aids[218,224], dental 

implants[225,226], bone replacements made by SLM[227,228] or three dimensional (3D) printing 

to fabricate bone-like structures made of the mineral bone-base material hydroxylapatite[229]. 

Additionally, RM techniques are key methods to produce weight/strength optimised 

components, for instance for aerospace. Wohlers (2013) mentioned that at Airbus currently 

(2013) '22,000 AM parts with 200 part numbers are flying on 10 production platforms'[224]. 

Future RM applications may involve the build-up of electronic components[221] and fully 

functional systems[249]. _399 _114 _81 _347 _349 _355 _378 _457 _455  

As illustrated in Figure 22 the basic principle of layer-by-layer additive manufacturing (AM) 

is a three-dimensional virtual computer model (Computer Aided Design, CAD) which is 

sliced in equally thick layers. This plus the use of lasers leads to a remarkable flexibility of 

such technologies[230]. The individual elements are generated physically based on the contour 

information and merged onto each other to build-up solid freeform components[217,231]. 

Dahotre and Harimkar (2002)[230] describe a remarkable flexibility of laser-based RP 

methods as computer aided design (CAD) data can be processed by typical systems[230]. _55 



Literature review and background 2 

- 38 - 

 
Figure 22: The basic principle of layer-by-layer wise additive manufacturing.[217]  

 SLM_RP principle                  Carl Hanser                        fig. 2-1 PERMISSION OBTAINED 
Hon (2009)[232] gives an overview of a number of available RP processes categorised in four 

groups depending on the raw materials used as illustrated in Figure 23. Within which, SLM 

is included in the categories Powders → Melting. Several powder/laser based AM 

technologies to produce solid freeform components were classified depending on the mode 

of operation[234], which is displayed in Figure 24. SLM is classified to Full Melting System 

→ Powder in Bed.  

 

2.3.3 Historical perspective of SLM and current sys tems 

After a patent of Pierre Ciraud in 1971 on layer-by-layer wise fabrication of metallic parts 

using powder materials and a laser[233], Ross Householder (1979) described the theory of 

selective laser sintering (SLS) and SLM including patents in this field[234,235]. The technology 

was made commercially available at the end of the 1980's based on work by Carl Deckart 

and in 1992 the DTM Corporation brought the first SLS machine on the market[235]. SLM 

machines were developed in 1995 by Fockele & Schwarze (F&S) Stereolithographietechnik 

(Bielefeld, Germany) together with Fraunhofer Institute for Laser Technology (Aachen, 

Germany)[234]. SLM represents a further development of SLS as powders are molten, rather 

than sintered and full densities can be realised. The SLM systems originally developed by 

F&S and Fraunhofer were made commercially available and distributed since 2002 by the  
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Figure 23: Overview of a selection of available rapid prototyping technologies including 

SLM.[232]  
 Lecture Manuscript With kind permission of Prof. K.K.B. Hon, University of Liverpool.                     PERMISSION OBTAINED 

 
Figure 24: Overview of laser based additive manufacturing technologies to fabricate metallic 

components including SLM.[234]  
With kind permission of Dr S. Tsopanos, TWI Ltd.  
                             from Sozon Tsopanos lecture                              PERMISSION OBTAINED 
MCP group[236]. Successively, other companies made SLM (or similar) systems 

commercially available; for an overview see Table 12. _574_393 _502_351 

 
 

2.3.4 Process description with the focus on the SLM -100 system used 
for the present work 

The Basis of SLM typically is a CAD model using the data format STL 

(STereoLithography) as exchange format between computer and machine, which involves 

faceting of originally curved design elements[237]. This process is followed by post-

processing of the file by optionally adding support structures in order to produce undercuts 

or overhanging structures. In the present work this was achieved using the software 

Magics(Materialise NV, Leuven, Belgium). Successively, the computer model is sliced and 
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Table 12: Listing of commercially available SLM systems for metal processing in 2012.[238]  

Company Available Systems 

Renishaw (formerly MTT) SLM250, SLM12510 

EOS EOSINT M 280 / 270 

Concept Laser M1 cusing, M2 cusing, M3 linear 

Phenix Systems PXL, PXM, PXS, PXS Dental 

SLM Solutions SLM 125 HL, SLM 250 HL 

Realizer SLM 50, SLM 100, SLM 250 
_514    Lef Louvis   PERMISSION OBTAINED 
virtually positioned on the available building space. The software used in the present work 

was Realizer (ReaLizer GmbH, Borchen, Germany). _354  

A schematic of the SLM process is illustrated in Figure 25. Metal powder is deposited on a 

substrate from a powder store (hopper) in thin layers (ranging typically from 30 to  

100 µm)[236] using a wiping mechanism, while the number of re-coating steps can be 

controlled (typically one or two). The laser beam is delivered via fibre to a computer 

controlled scanning unit, which directs the focused beam to the working area and scans the 

deposit powder slice. The scanning unit itself, for the machine used in this work (Realizer) 

and for Renishaw (MTT) machines[239], consists of a beam expander and x-y mirrors, which 

are mounted on galvanometers; more details on this system can be found elsewhere[240]. 

Disadvantages of this is there is a focus shift relative to the powder bed when the laser beam 

angle changes[240]. Recent developments use several optical systems at once or movable 

scanning systems[241].  

 
Figure 25: A schematic of the operating principle of SLM to produce 3D solid parts or to coat 

materials. 
_395 
The system used in this work used a continuous wave (CW) fibre laser beam with an applied 

stop-and-go movement which is defined by the exposure time ET and the point distance PD 

as illustrated in Figure 26a. The values are typically chosen in a way that the individual 

molten/solidified points overlap leading the powder to melt and to form laser hatch lines, 

                                                           
10 Now AM250 and dental machines.  
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which produces a solid bond with underlying and/or previously deposited material. As 

displayed in Figure 26b, several parallel hatch lines with the hatch distance HD between 

them are used to consolidate areas. As the thermal conditions during fabrication of the build 

within the hatches are different compared to the margin, a fill contour can be scanned 

leading to improvements in density in this region.  

 
Figure 26: Illustration of the SLM scanning process.  

The images show (a) scanning of a line and (b) scanning of an area.  
 
After finishing scanning of one layer, the base plate with the substrate lowers for a certain 

layer thickness LT and the process starts again[15]. In SLM, different scanning strategies can 

be applied leading to differences in how geometry elements are scanned[242,243]. As described 

by Küsters and Schäfer (2009)[228], a typical scan strategy is, for instance, to scan areas first, 

then the fill contour and then the boundary. As shown in Figure 27, a standard method to 

minimise anisotropic effects in x and y (see Figure 25; perpendicular to the laser beam) is to 

alter the hatch lines by 90° after each fabricated layer, which is called cross hatching[243]. 

This strategy was applied on the material processed in this work, without scanning a fill 

contour.  _359  

 
Figure 27: Illustration of different hatching strategies. 

The examples show (a) parallel hatching and (b) cross hatching by 90°.  
Journal of Materials Processing Technology        Elsevier     287 (Fig. 3)     
The layer thickness has a direct effect on build time and accuracy of the build. The minimum 

layer thickness need to be larger than the maximum particle size to allow complete re-

coating of powder. On the other hand, the thickness of the powder slice need to be thin 

enough to allow the scanned area to fuse with underlying material. A thin layer thicknesses 

leads to improved build accuracy. Rehme and Emmelmann (2006) state that there are more 
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than 130 individual parameters associated with the SLM process[244 after 245]. Parameters which 

are typically altered to optimise build time and quality are the laser power, the exposure 

time, the point distance, the hatch distance, the hatching strategy and the laser spot size by 

changing the focus position of the laser beam[246].The window to produce a range of good 

builds is narrow and is situated between an area of excessive melting and insufficient power 

for melting[234,246].  _394 _393_618__619     

The build process typically takes place in an inert atmosphere.. The fabrication of dense 

components with a good surface finish is often the main focus in SLM process optimisation. 

And, indeed, AM processes based on laser melting or sintering show great potential to 

fabricate metal parts having a performance similar or even better than using conventional 

manufacturing routes in terms of grain structure and mechanical properties[247]. However, it 

was shown that fully dense structures can not always be achieved by performing 

optimisation programmes, which can be traced back to material characteristics[287].. The last 

step of the SLM process involves taking away of residual powder and removing the build 

from the substrate, which can be achieved by, for instance, wire erosion cutting. Initially 

grown support structures at the substrate/part interface may ease this removal process, which 

can be achieved by manual cutting operations or simple breaking. A final HIPing step might 

be the means to further reduce porosity[248].  52,_53,_54,_395_389  

Steen (2003)[203] and Hügel and Graf (2009)[213] showed that the theoretical description of 

laser material processes is complex and determined by numerous input variables. This work 

only concentrates on a small number of equations which will be used to calculate key values. 

The average scanning velocity v can be calculated by the exposure time ET and the point 

distance PD after[15] 

ET

PD
v=   Equation 10 

The energy input of one laser spot ES by neglecting power loss effects as described in 

Equation 8 on page 35 can be described by[246] 

ETPES ×=   Equation 11 

where the variable P describes the laser output power of the scanning system. Thus, the 

energy input per unit distance ED per one single scan is given by  

PD

E
E S

D = Equation 12  Equation 12 

Considering the variable HD, the energy input for a slice per unit hatch distance EH can be 

calculated by 
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HD

E
E D

H = Equation 13  Equation 13 

 

2.3.5 Solidification mechanisms, properties of resu lting builds, 
processed materials and applications of SLM 

Solidification mechanisms (briefly) and the resulting grain morphology 

In contrast to castings, where the solidification process is characterised by nucleation and 

grain growth during relatively slow cooling, there is typically directional solidification 

during SLM from the liquidus/solidus interface in direction of the melt which is associated 

with thermal conduction from molten into solid phase[213,249]. Laser heating with a moving 

laser spot on low carbon steel sheets were modelled by the author (2009)[250], which are 

expected to be relatively similar under SLM conditions during which focussed laser beam 

moves with a certain velocity. As illustrated in Figure 28, the study showed that the heated 

zone, when viewed from the top, is drop-like shaped. When viewed from the side, the 

temperature distribution follows the heat source in a tail-like appearance. The effects are 

similar to conventional welding and other melting processes with a moving heat source. In 

this sub-section it will be presumed that the melt pool perfectly wets underlying material and 

balling11 does not occur, which is the case for processing of SLM of steel powders if 

fabrication is carried out in a certain process window consisting of the right laser power and 

traverse velocity and if oxidation is minimised[251]. _634  

 
Figure 28: Simulation of the temperatures during laser heating of a low carbon steel viewed 

from the top and from the side in cross section.[250]  
The scalebar is displayed in the unit [K].  
Simulation.jpg                      252    NOT PROTECTED 

                                                           
11 Balling (bellied metal balls) during SLM of stainless steel has been extensively discussed by Li et 

al (2012)[252]. In principle it is caused by insufficient wetting leading the molten material not to fuse 
to the neighbouring material. The effect was described to produce relatively small balls (~10 µm) 
or significantly larger balls (~500 µm) due to an increased formation of molten material in the latter 
case.[252] 
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During solidification of molten material in such systems, there is a zone (Mushy zone) with a 

different (non-equilibrated) liquid composition CL ahead of the solidification front, which 

results in an increase in the liquidus temperature Tliquidus in this region given the constant 

addition of new metal of a constant composition. Consequently, if the gradient G of the 

actual temperature Tactual is significantly lower than G of Tliquidus, the melt in front of the 

solidification front is constitutional supercooled as illustrated in Figure 29. As a practical 

result, this determines the solidification behaviour of the meltpool due to compositional 

differences and, for instance, the microstructure and the grain size.[253]  

 
Figure 29: Illustration of constitutional supercooling. 

Part (a) shows the equilibrium state and (b) illustrates constitutional supercooling.  
 203 (p. 248) 
As illustrated in Figure 30, with an increasing level of constitutional supercooling, there is a 

transition of the directional solidification modes from planar → cellular → columnar 

dendritic → equiaxed dendritic[254].  

 
Figure 30: Illustration of the solidification modes caused by constitutional  

supercooling.[254]  
Supercooling_diagram.jpg      Wiley & Sons       Fig. 6.11       PERMISSION OBTAINED      
Due to geometrical and physical effects there is a strong change in the microstructure 

between the fusion boundary and the centre line, which is caused by[253] 
(good picture auf S. 201 

• The rate of advance of the solidification front (R) is ≈0 near the fusion line and reaches 

its maximum when approaching the centreline 
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• The temperature is at its maximum in the centre of the melt pool and declines in the 

direction of the fusion boundary 

• The temperature gradient is highest near the fusion boundary and lowest in the centre as 

the melt pool is elongated 

As a consequence, depending on the processing parameters different solidification modes 

can be present in one weld as illustrated in Figure 31, while the preferred growth orientation 

of the features is along a specific easy-growth direction; for an overview see Table 13. This 

growth is typically epitaxial, which means that crystals grow continuously on existing 

grains. Thus, once the grain structure has started to form, their size and orientation is 

dictated.[254]    bcc and fcc is mentioned on page 174 (Sindo Kou)  

 
Figure 31: Illustration of the occurrence of various solidification modes in a conventional weld 

when viewed from the top.[254]  
Kou_202             Wiley       209               Fig. 8.5   PERMISSION OBTAINED 
 

Table 13: Overview of "easy-growth" directions.[255] 
Crystal Structure Easy-Growth Direction 

Face-centred-cubic (fcc) <100> 

Body-centred-cubic (bcc) <100> 

Hexagonal-close-packed (hcp) >0110<  

Body-centred-tetragonal (bct) <110> 
256_648        Wiley    Rights terminated 
The SLM process happens under conditions, similar to conduction based laser welding[257]. 

In SLM, typical cooling rates are in the range of 104-106 K/s[257] and are much higher than 

for, for example, gas tungsten arc spot welding with maximum 103 K/s[258]. On the other 

hand, the heat input is significantly lower, which leads to finer grain structures and smaller 

dendrite arm spaces in the weld[254].  

Large temperature differences present on the surface of the melt pool lead to surface tension  

σ(T) and, consequently, to a gradient dσ / dx and dσ / dy. This causes shear stresses τx and τy, 

which starts moving the melt pool close to the surface due to[259] 

dx

dT

dT

σd

dx

σd
τx ×==   and  

dy

dT

dT

σd

dy

σd
τ y ×==   Equation 14 
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From Equation 14 it is evident that the flow direction depends on the fact if dσ / dT is >0 or 

<0, respectively. As a consequence, the whole melt pool starts rotating leading to mixing 

from the surface of the melt pool into deeper regions or vice verca (Marangoni effect). The 

value of σ is a material property. Pure metals typically exhibit a negative gradient dσ / dT, 

surface active elements such as S, O a positive one. Regarding the direction the Marangoni 

effect works, the concentration of surface active elements on the melt pool surface are 

important. O has a high reaction potential with metals and, therefore, oxide films on the melt 

pool have a great effect on the stirring effect.[259]  

Laser welding processes, lead to a characteristic microstructure, which will also be observed 

later in this work when producing single pass builds. Faster scan velocities result in an 

elongated shape of the melt pool along the scan direction and the resulting grains tend to be 

oriented more perpendicular to the traverse direction; as heat flow and grain growth occurs 

perpendicular to the liquidus/solidus interface leading to a characteristic morphology of 

elongated grains along the growth direction and when viewed from the top as displayed in 

Figure 32.[262 (after 263)]. _597_598_621_622_305  

 
Figure 32: Illustration of the effect of different scan speeds on the cooling rate G and growth 

rate R.[262 (after 263)] 
The two cases show (a) an elliptical melt pool for low and moderate speeds and (b) a drop-like 
appearance at high speeds. 
 SLM microstructures.jpg              468 after 469  Antonysamy p. 60          NO RIGHTS 
For the laser engineered net shaping (LENS) process, where metal powder is blown through 

a nozzle and is melted by a laser beam, it was suggested that the powder particles fused or 

attached to surface of single weld tracks dictate the starting grain size and the direction of 

grain growth[264,265]. The prior discussion suggests that, in a similar way, but perhaps to a 

lesser extent, the grain structure can be manipulated during SLM by changing processing 

parameters, but limited work on this is available in the literature[eg.266]. Consequently, this is a 

subject of current research as was indicated, for example, by a recently (2014) advertised 

PhD project[267] (Microstructural Evolution and Control of Aerospace and Automotive Alloys 

Using Selective Laser Melting and Electron Beam Melting) at the University of Sheffield 

(UK).  

There is also a thermal gradient and solidification along Z (SLM growth direction), 

perpendicular to the scanning direction along the orientation of the laser beam. Since, as 

illustrated in Figure 28, the thermal gradient is shifted along the traverse direction when 



2.3 Selective laser melting 

- 47 - 

producing single pass walls there is a shift of the grain direction in this orientation when 

scanning occurs unidirectionally[268]. Due to the epitaxial growth, the resulting grains grow 

through several deposited layers. If during the growth of such walls, the scan direction of the 

laser beam changes by 180° after a layer was deposited (bidirectional), zigzag pattern of the 

grains oriented along the growth direction may occur when using relatively low laser 

powers, whereas the use of high powers results in predominantly columnar grains[269]. When 

fabricating more complex structures, the mechanisms are probably the same and epitaxial 

growth on previously deposited material occurs[243]. Associated with a columnar grain 

orientation is an anisotropy of mechanical and structural properties[270], which are current 

(2014) subject of the development of standardisation routes to test parts fabricated with 

beam-based AM technologies[271,272]. Anisotropic mechanical properties of SLM builds are 

typical, but can, simply be manipulated by altering the part orientation during the growth 

process[273], while the grain morphology may be optimised for areas in the parts subject to 

high stresses. As an example, it will be shown later that the yield strength of SLM structures 

was higher in a certain build direction and, therefore, this build direction can be applied 

along the direction of the highest stress of the component. _57 _65 _357 _346 _400 _361 _370 _401 _456  

 
Residual stresses 

Steen (2009)[203] describes four mechanisms that may result in residual stresses in solid 

materials during laser heating. The temperature gradient mechanism and the point source 

mechanism cause stresses due to shrinkage on cooling in the solid. The buckling mechanism 

works at lower thermal gradients, where the material shows thermal expansion resulting in 

plastic deformation while constrained. The upsetting mechanism can be observed in parts, 

where buckling is not possible due to thickness or geometry and, consequently, plastic 

deformation through the cross section occurs due to localised heating. Such effects are well 

known during laser heating and can technically be used to, for instance, simply bend sheet 

metal[250,274], straighten car body shells[275 (after 203)], adjust microcomponents[276 (after 203)] or are 

even envisioned to act as a new RP method[277 (after 203)].   _210 _ 223 _396 _397 _398 _345 

In SLM, however, such effects are not wanted as they degrade the mechanical properties and 

lead to stress deformation which may result in cracking. It was shown that residual stresses 

during manufacturing can be reduced by pre-heating of the build substrate[278] or the powder 

bed[279]. Current research focuses on evaluating scan strategies to reduce residual 

stresses[228,242]..  _345 _375 _359 _452 

 
Processed materials 

SLM offers the possibility to process melteable materials (e.g. metals, polymers) or mixtures 

of those[281]. Recent publications show that the number of materials processed by SLM has 

increased rapidly. Examples include Ni-base superalloys which were processed using a cross 

hatching strategy[282] leading to mechanical properties of IN718[283] and IN738LC[284] which 



Literature review and background 2 

- 48 - 

were even better than those in cast material. Other examples are the fabricating of solid 

components with full density of alloyed stainless steel[285], 315L stainless steels and M2 tool 

steel[286]. Louvis et al (2011)[287] describe difficulties in producing fully-dense aluminium 

structures, caused by thin oxide films; and the use of stirring effects during SLM to break 

these oxides[287]. Due to the short wave length of the laser sources used, even highly 

reflective and thermally conductive materials can be processed including Au (gold)[225] and 

Ag (silver)[288]. Other successfully processed materials are pure Ti [289], Ti alloys[281] or Co-

base alloys[236]. ODS materials were also successfully processed in SLM, which will be 

discussed in the following section. _56,_37,_76, _399 _369 Nanosteel SHS 7574 

 
Applications 

An interesting advantage compared to conventional fabrication processes is the great 

flexibility in part design using SLM. In principle, the technology can be used in RP, RM and 

RT to produce a wide range of build configurations. Examples are thin walled structures, 

coatings, solid freeform components, lattice[290,291] or porous[227] structures. In tooling 

technology, free-formed moulding inserts with cooling channels close to contours may be 

produced using SLM[236,289,292]. In the medical sector, applications are the customisation of 

orthopaedic parts (e.g. metallic hip implants)[236,281,226] with a porous structure designed in a 

way that human bone cells can grow into it[226,227]. Newest approaches use SLM fabricated 

porous implants made of bio-absorbable polylactid (polymer) / β-tricalciumphosphat 

(ceramic) (PDLLA/β-TCP), which will be replaced by bone material during the healing 

process[281]. _381 _358 _368_360 _366_380 _381  

2.4 Selective laser melting of dispersion strengthe ned alloys 
2.4 
Selective laser melting of dispersion strengthened alloys 

Historical perspective and outlook 

Conventional welding processes, involving melting of ODS alloys, result in agglomeration 

and slagging of dispersoids due to differences in density of melt and particles, which results 

in significantly decreased mechanical properties[14]. Laser welding of various ODS alloys, 

however, has demonstrated that dispersoids can be retained with such techniques, as 

demonstrated by the early work of Kelly (1979)[293] using a Nd:YAG laser beam to join Fe-

based MA 956, having a similar elemental composition to PM2000. Other researchers also 

successfully joined ODS alloys without reported slagging or agglomerations of dispersoids 

in the fusion zone, like Lemmen et al. (2007)[294] on (Ni-based) PM 1000 using a pulsed 

Nd:YAG laser, or Molian et al. (1992)[14] on (Ni-based) MA 754 using a CW CO2 gas laser. 
_73,_26,_211   

Laser surface cladding of a NiCoCrAlY (GH4033) superalloy coating containing a 

nanoscopic Al2O3 dispersion on a Ni-based superalloy was developed by Li et al. (2005)[296]. 

A 1 kW CO2 gas laser was used and the beam focused to a spot size of 2 mm using a scan 

speed of 5 mm/s. The configuration with a thickness of 0.4 mm of deposit material showed a 
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tendency of the particulates to agglomerate around cellular structures and on grain 

boundaries and only regular distribution in certain segregation zones[295,296]._119,_120  

A comprehensive literature study was carried out on research performed on processing of 

ODS alloys with laser based RP methods, but only one published article in this field was 

found, which was published by Walker et al. (2009)[15].  _336  

As was described before, the current manufacturing process of ODS materials is complex, 

costly and inflexible towards shape-freedom of builds. Hence, there is a continuous search 

for alternatives, which led, for instance, to current research on fabrication of ODS steel by 

spark plasma sintering (SPS) to build-up solid components[298,299]. As shown in some of the 

previous paragraphs, laser-based AM methods offer many advantages and, thus, such 

technologies are currently in focus, being an alternative fabrication route for ODS alloys. 

Recent examples of this approach cover OXIGEN, a Framework 7 research project, to 

develop additively manufactured SLM and laser metal deposition (LMD) components for 

turbines. These will be based on Al/Ti intermetallics and Ni-base ODS superalloys and are 

intended for operation at temperatures of approximately 1000°C; the incorporation of 

sensors, by directly build-in during AM is a key element of the project[300]. _417 _418 _420 

 
Selective laser melting of PM2000 (article by Walker et al., 2009) 

Walker et al. (2009)[15] presented a study to build-up walls by SLM using as-MA PM2000 

powder from a commercial source. Walls were successful build on a mild steel substrate 

using one single laser scan to produce the wall thickness by evaluating different scan 

velocities and laser powers. Prior to processing, the powder was sieved with a 106 µm mesh 

size in order to remove coarser particles and a layer thickness of 0.05 mm was applied. The 

builds were produced on a SLM Realizer 100 machine which was also used for the studies in 

the present work.  

It was shown that dense wall structures can be achieved using laser powers between 30 W 

and 50 W and scan velocities between 0.1 and 0.3 m/s, which was also the case for scan 

speeds of 0.1 and 0.15 using 20 W. A regularly distributed oxide dispersion, however, could 

be observed in the wall manufactured with 50 W, 0.2 m/s as shown in the example in Figure 

33 (a). Also an effect of processing parameters on the relative particle size distribution could 

be observed as illustrated in Figure 33 (b). Slower scan velocities of 0.1 m/s using 20 W and 

50 W resulted in coarser dispersoids and agglomerated particles with several sub-peaks in 

the distribution beside the main peaks. The wall fabricated with 50 W, 0.2 m/s had the 

smallest mean particle diameter, which was 48.4 ± 25.2 nm, but was still coarser than  

30.0 ± 8.9 nm observed in conventional PM2000.  
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Figure 33: Studies on ODS dispersoids in walls fabricated by SLM.[15]  

Part (a) shows a TEM-BF image from a sample fabricated with 50 W, 0.2 m/s and (b) illustrates the 
relative size distributions of certain walls and of a conventionally fabricated PM2000 tube which was 
annealed at 1380°C for 1 h.  
Wiley                     (a: Fig. 4b, b: Fig. 6)] PERMISSION OBTAINED 

2.5 Summary 
 
Based on early work by Benjamin (1970)[17] several types of ODS alloys have been 

developed, which are typically based on Fe or Ni and contain all Y-based nanoscopic 

precipitates. The conventional fabrication route, however, is complex and inflexible 

consisting of several powder-metallurgical steps. The mostly accepted theory for precipitate 

formation is that Y, which was added to the alloy before MA, in the form of Y2O3 (yttria), 

breaks down during this process and Y is forced into supersaturated solid solution and Y-rich 

precipitates form during the following manufacturing steps of the alloy in the Fe or Ni 

matrix. Several dispersoid-types were observed in alloys similar to PM2000, which are all Y-

(Al-)O. It was shown that due to strengthening precipitates, ODS alloy have superior high 

temperature mechanical properties (creep, tensile) and some types have special resistance 

against radiation induced swelling. Alloys similar to PM2000 exhibit large grains when 

recrystallized from the as-extruded state of the as-MA powder, which is due to abnormal 

grain growth facilitated by the presence of a fine precipitate dispersion. Superior are also 

oxidation properties due to the presence of Y and Al in alloys similar to PM2000. Such 

alloys form a well adherent alumina scale when oxidised at high (>900°C) temperatures and 

Y lead to a supression of Al cation outward diffusion, which slows down the scale growth 

rate.  

Inconel IN939 was briefly reviewed and selective laser melting. The latter utilises a fibre 

laser, which uses the transition of a higher to a lower energy state in the laser active ions to 

emit coherent laser light and a model for the laser/material interaction has been discussed 

including plasma formation. Based on the layer-by-layer wise fabrication, also complex parts 
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can be produced in different materials and shapes using SLM. Important processing 

parameters are the point distance and the exposure time which determine the average 

traverse velocity of the laser beam. During SLM there is epitaxial grain growth through 

several deposited layer towards the melt pool / metal interface. Negative issues observed 

during SLM growth are residual stresses caused by localised heating. A wide range of 

materials can be processed and there are many applications in the medical and manufacturing 

section. Finally, the focus is on a review of prior work (laser welding, surface cladding), 

leading to research by Walker et al. (2009)[15], processing as-MA PM2000 alloy powder by 

SLM, which is the basis of this present work.  

 

 



Materials and experimental procedures 2 

- 52 - 

 



3.1 Powder classification 

- 53 - 

Materials and experimental procedures 
3 
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Chapter 3 

Materials and experimental procedures 

the reader should be able to reproduce the studies 
 
Within this chapter, results on powder classification of the as-MA PM2000 are presented 

(3.1) and followed by a description of the various experimental techniques. Those are: 

selective laser melting (3.2), Surface profilometry (3.3) and annealing/oxidation experiments 

(3.4). Paragraph 3.5 deals with sample preparation for microscopy, which is followed by the 

individual microscopy techniques in 3.6. Further utilised experimental methods were APT 

(3.7), XRD (3.8), ND (3.9) and microtensile and creep testing (3.10). Finally, a summary, in 

section 3.11, highlights important points and gives an outlook to successive topics.  

3.1 Powder classification 
Powder classification 
3.1 

In this work, SLM was conducted on the commercial Fe-based ODS alloy PM2000 supplied 

by Plansee GmbH (Reutte, Austria). The as-received (as-mechanically alloyed) powder was 

analysed in terms of elemental composition using ICP-OES by Dirats Laboratories 

(Westfield, MA, USA); the full list of elemental composition is included in Appendix 1. 

Both the alloy composition according to the PM2000 alloy datasheet[2] and the analysis by 

ICP-OES has been presented previously in Table 4 on page 7.  

The density of the powder was determined as 3.3 g/cm³[15] and the density of consolidated 

conventionally processed PM2000 was 7.18 g/cm³[2]. Accordingly, to fabricate a layer 

thickness of 50 µm SLM consolidated material of a single layer, a powder layer of 109 µm is 

required. Consequently, the powder was sieved prior to deposition with a 140 mesh (106 µm) 

stainless steel shaker in order to remove coarser particles. Powder of the same batch was 

used for the present work using the same sieving conditions, was used previously and 

analysed by Walker et al. (2009)[15]. A median particle size of 32 µm after sieving was 

determined using a Malvern Instruments Mastersizer 2000 laser diffractometer. The particle 

morphology and size distribution of sieved and unsieved as-MA powder is displayed in 

Figure 34.  

Powder particles of the same batch were cross sectioned and investigated by scanning 

electron microscopy (SEM) by Arnold[301]. As shown by the channelling contrast in  

Figure 35, the study revealed the powder particles as fully dense and having a lamella-type 

morphology; the elemental composition appeared to be the same in various regions of the 

particle.[301] _491  
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Figure 34: Results of powder characterisation of as-MA PM2000 powder used for the 

present work.[15] 
The images show (a) a secondary electron image of powder particles before sieving and (b) the 
particle size distribution before and after sieving.  
PM2000_powder.jpg  _Walker                      Fig.1        PERMISSION OBTAINED 
 

 
Figure 35: The cross section of PM2000 as-MA powder particles.[301] 

                                  

3.2 Selective laser melting (SLM) 
3.2 
Selective laser melting (SLM) 

3.2.1 Software and machine layout 

CAD files were post-processed using the software Magics (Materialise NV, Leuven, 

Belgium) in order to add support structures as was explained before. Successively, the 

computer model was sliced and virtually positioned on the available building space. The 

software used in the present work was Realizer (ReaLizer GmbH, Borchen, Germany). 

All SLM builds which were the subject of this work were fabricated on a Realizer SLM-100 

machine (Realizer GmbH, Borchen, Germany), which has been modified. Except for two 

build configurations, which will be specified later, the builds were all fabricated by the 

author. As displayed in Figure 36a, the system layout included the SLM machine, a human-

machine interface, which controlled the SLM process, the laser system and a cooling system 

for the laser, which is not displayed in the image. The SLM machine itself (Figure 36b), 

included the sealed building chamber, and other components, such as a status monitor, the 

laser optical system, the filter unit and a container for used powder. The main components of 
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the processing chamber, where the SLM grow process took place, are displayed in the 

situation before (Figure 36c) and after processing (Figure 36d). Prior to SLM deposition, the 

processing chamber was flushed with Ar and the oxygen content was measured using a 

Rapidox 2100 gas analyser (Cambridge Sensotec Ltd., St Ives, UK). Once, the oxygen level 

was below 250 ppm, the flowing process was stopped and the build process was started. 

During processing, the gas was pumped through a filter and directed via gas nozzles over the 

build space. This was mainly to maintain the Ar atmosphere required for the process, but 

also to remove by-products from the SLM process, such as condensate from the 

laser/material interaction. Builds were fabricated going upstream to avoid incorporation of, 

for instance sputtered material, into the layer. For all builds produced (except for coatings) 

the substrate was a mild steel plate with a diameter of 125 mm. The hopper/wiping system 

was attached on an arm, which traversed through an arc of 76° and back during each wiping 

cycle. While reaching the end position (at 0° and at 76°) a certain amount of powder flowed 

out of the hopper between two wiping blades. After wiping, this resulted in a powder layer 

with a continuous thickness over the substrate plate. Once powder was deposited, the SLM 

build process started as was described in sub-section 2.3.4 on page 39. The wiping system 

used more powder as was required for the process, which piled up in the building chamber. It  

 
Figure 36: Photographs of the main components of the SLM-100 machine.  

The images show (a) the whole system, (b) the machine with opened front cover, (c) the building 
chamber without the hopper system and (d) the building chamber after processing.  
SLM_machine.jpg  
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was partly collected by a hole acting as a sink, which was connected to a sealed powder 

container.  

Prior to processing, the substrate plate and the spare parts of the hopper and of the powder 

container were grit blasted with either SiC or glass beads. Successively, the blasted parts and 

the parts of the SLM machine which are in a potential contact with metal powder were 

carefully cleaned using a vacuum cleaner, followed by wiping with ethanol immersed paper 

cloths.  

 

3.2.2 Laser system 

During this project, the SLM-100 machine was equipped with a YLM-200 ytterbium fibre 

laser (IPG Photonics Corporation, Oxford, MA, USA) with a maximum output power of  

200 W. It should be noted that the laser is not standard of the Realizer machine. Builds 

fabricated prior to the start of this project, a honeycomb structure (Chapter 4) and coated 

Inconel buttons (sub-section 7.3.1) were produced with the same machine, which was 

equipped at this time with a YLM-50 ytterbium fibre laser (IPG Photonics) with a maximum 

output power of 50 W. Both laser sources delivered a laser beam of wave length ~1093 nm, a 

beam quality factor M² < 1.1, a single beam mode, a random polarisation and were operated 

in CW operation.  

The output power of the laser was controlled by an electrical signal via the build file. In the 

machine set-up, the unfocused laser beam was delivered via an optical fibre to the scanning 

unit, where the laser beam was directed and focused onto the work space. During this 

process the laser beam lost a certain amount of laser power. The relation between electrical 

current of the signal and laser output power (available for the process) was determined by 

members of the Manufacturing Science and Engineering Research Group at the University of 

Liverpool using a Laserpoint FIT 200 (LOT-Oriel GmbH, Darmstadt, Germany) laser power 

meter, with the results displayed in Figure 37a.  

The beam profile was measured by members of the same group using a SP620U beam 

profiler (Ophir Optronics Ltd, Jerusalem, Israel) having a Spectral response of 190-1100 nm 

and a pixel spacing of 4.40x4.40 µm. This work only used a laser beam that was in focal 

position on the surface of the powder layer and the laser spot having sufficient intensity for 

full power (200 W laser output) had a diameter of ~30 µm, as displayed in Figure 37b.  

3.2.3 Removal of SLM builds from the substrate 

After finishing the SLM build process, the structures were removed from the substrate plate. 

A complex thin walled structure (Chapter 4) was build on triangular support structures with a 

height of 3 mm and was removed by manual cutting using a handsaw prior to the start of the 
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Figure 37: Characteristics of the laser beam generated by the fibre laser, type YLM-200.  

The images show (a) a diagram of the resulting laser power input in the building chamber against the 
current of the signal and (b) the laser beam profile in focal position at full laser power (200 W laser 
output).  
Laser_power.jpg  
 
processes between an wire electrode (tool) and a work piece. Details of the process can be 

found elsewhere[302]. The process was accomplished on a Sodick A530D machine (Sodick 

Corporation, Schaumburg, IL, USA) using a brass wire with a diameter of 0.3 mm and a 

voltage of 70-80 V in a bath of deionised water. _510  

3.3 Surface profilometry 
Surface profilometry 
3.3 

Non-contact surface profilometry was performed using an optical surface profiler, type  

OSP 100 (Uniscan Instruments Ltd, Buxton, UK) and is described by the company as 

follows: 'A small spot of laser light at 650nm is projected down onto the sample surface and 

the scattered light is focused on to the CCD array allowing the direct displacement 

measurement of the diffuse scattered light. This allows very accurate surface height profile 

of the entire surface to be generated and thus measurement the surface roughness and 

topography features.'[303] _490  

According to Rowe et al. (2013)[304], the accuracy of this instrument is within 0.5 µm.  

3.4 Isothermal annealing and oxidation experiments 
3.4 
Isothermal annealing and oxidation experiments 

Prior to annealing/oxidation experiments or mounting in bakelite, specimens were separated 

using a water-cooled low speed saw, type IsoMet (Buehler Inc., Lake Bluff, Illinois, USA) 

equipped with a SiC blade having a thickness of 0.3 mm. For oxidation experiments, pieces 

of ~3×3 mm were cut from a coated button configuration (sub-sections 7.3.3 and 7.3.5) or 

slices ~1mm thick from coated pins (sub-section 7.4.3). For annealing/oxidation 

experiments, the samples were chemically cleaned prior to oxidation, which involved a 

treatment in methanol in an ultrasonic (US) bath. All annealing/oxidation experiments of 

specimens were conducted on aluminosilicate trays in a horizontal tube furnace. Further 
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experimental details, atmosphere, temperatures, durations, etc. are given in the appropriate 

text. After the procedure, the samples were air cooled in the ceramic tray on a thermally poor 

conducting material leading to approximately 5 min cooling time to <100°C. Spalled 

material remained in the tray and was visually observed.  

Oxide scales attached to the specimens may have an effect on mechanical properties, for 

instance creep[305]. Therefore, as noted in the appropriate text, some samples were sealed in 

quartz ampoules containing an Ar-5vol.%H2 atmosphere before a heat treatment by staff at 

ORNL. Prior to filling with gas, the ampoules were evacuated with a final vacuum of  

<10-4 torr.  

 

3.5 Sample preparation for microscopy 
Sample preparation for microscopy 
3.5 

3.5.1 Optical microscopy and SEM 

Specific details about sample preparation for the various micrographs and analyses presented 

in this work are given in Appendix 2.  

 
Standard preparation 

After separating the samples as described in sub-section 3.4 and chemical cleaning, they 

were, if required, mounted in conductive bakelite. Cross sections were prepared by 

conventional grinding with SiC paper down to a 4000 grit finish. This was followed by 

mirror polishing using 40 nm colloidical silica suspension, type Opus (MetPrep, Coventry, 

UK) on a polishing cloth OP-Nap (Struers A/S, Copenhagen, Denmark). Some samples were 

prepared in a different way: They were polished with 0.3 µm alumina suspension, type 

MicroPolish (Buehler) on a standard cloth. Remaining silica and alumina was removed in an 

US bath.  

 
Preparation of oxidised specimens 

It was found that cross sections of the scale of oxidised specimens (PM2000, Inconel IN939) 

could not be prepared using cold (epoxy) mounting resin due to shrinkage leading to scale 

break away and bending of the mounted specimens on polishing as the resin is relatively 

soft. Conventional mounting in bakelite was found to lead in some cases to scale 

deformation and cracking. As a consequence, thin slices of such specimens were initially 

prepared by sticking the sample on a rod using a thermoplastic wax (type G3880, Agar 

Scientific, Stansted, UK) with a melting point of 80°C , followed by careful water cooled 

grinding with a 4000 grit finish and a 40 nm colloidical silica finish as described before. The 

rod was held perpendicular to the grinding paper by a carrier, which avoided tilting. 

Electroplating of scales, for instance with Ni, has been used by a number of researchers to 
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effectively stabilise oxide layers during sample preparation[306,307]. It should be noted that a 

focused ion beam (FIB) instrument (described later) was not available at this time, which 

would offer another route to prepare such samples. In this work, Ni-electroplating was 

applied on samples which were Au sputter coated first in an Edwards S150 sputter coater 

(Edwards Limited, Crawley, UK) in order to provide a conductive film on top of the oxide 

scale with a thickness of ~100 nm according to the instrument manual. This was followed by 

the electroplating procedure using the Hard recipe described by Brown and Knapp 

(1974)[308] with a claimed microhardness of the deposit material of 350-500 HV. The 

ingredients of the bath were 18wt.% Ni sulfate (NiSO4•6H2O), 2.5wt.% ammonium chloride 

(NH4Cl), 3.0wt.% boric acid (H3BO3) with a balance of deionized water. The temperature of 

the constantly stirred (~500 1/min) bath was 45-50°C, the current applied was 0.5A for 1 h. 

For the plating procedure the specimens were stuck with silverdag to the a (˗) electrode, 

while the Ni (+) anode was covered in a cloth in order to avoid incorporation of corrosion 

products into the Ni film. The cross sections of the electroplated specimens were prepared by 

sticking the samples on the rod configuration described before. This was followed by 

conventional water cooled grinding and a colloidical silica finish. _517 _518_592    

 
Etching 

Etching to reveal the microstructure of PM2000 was performed in a solution consisting of  

10 ml nitric acid and 15 ml HCl in 30 ml methanol, which was applied within one hour of 

preparation since the mixture decomposes. It was found that a polishing step using 0.25 µm 

diamond paste on an Alpha cloth supplied by MetPrep prior to etching resulted in better 

results (reduced pitting and better uniformity) than a 40 nm colloidical silica polish.  

Prior to imaging nanoscopic secondary phases in the SEM, samples were etched in a solution 

of 10 ml HCl in 90 ml methanol. In order to minimise re-deposition of dispersoids on the 

metal surface or corrosion products, etching was performed in an US bath with the sample 

facing downwards. A similar solution was used in previous studies on ODS-Fe-Cr-Al alloys 

without any reported effects (such as dissolution) on ODS particles[42,309,310]. Also studies 

conducted on dispersoids on TEM extraction replicas produced for this work using the same 

etchant did not reveal any visible changes compared to particles imaged by TEM in thin foil 

samples. _17_106_189 _191 

 

3.5.2 Standard preparation of TEM thin foil samples 

Foils with a thickness of < 150 µm were prepared by water-cooled grinding on SiC paper 

and spherical discs with a diameter of 3 mm were punched out of the foils. Final water-

cooled thinning on these discs to <50 µm was performed with a 4000 grit finish from both 

sides. The procedure involved sticking the specimens on a metal rod configuration, which 

was described previously for SEM sample preparation. For wall builds, thin foils were 
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prepared from the zone as close to the centre of the structures as possible although constant 

stirring of the melt pool during processing probably lead to a homogeneous distribution of 

ODS particles throughout the wall thickness as was indicated by results of field emission 

(FE) SEM work.  

The discs were thinned to electron transparency using a Streurs Tenupol-3 double-jet electro 

polishing unit operating at 50V and 100 mA. The electrolyte used in the process was a 

solution of 5% perchloric acid in methanol which was cooled with liquid N2 to a temperature 

of -50 ± 5°C using ~ 0.06 A and 23 V. The flow rate was set to its maximum to compensate 

losses of fluidity of the electrolyte due to cooling and to maintain constant flow of this liquid 

from both sides of the sample. Once a small hole was produced in the sample, a photosensor 

stopped the process. As recommended by Yao (2008)[311] for the preparation of ferritic TEM 

thin foil samples, immediately after thinning, the samples were dipped into a mixture of cold 

and frozen methanol (-98°C[312]) to minimise contamination on the thinned surface. This was 

followed by submerging of the prepared sample successively in two beakers of methanol in 

order to completely remove remaining electrolyte. To minimise the effect of oxidation, the 

prepared specimens were stored in a standard specimen grid box in a desiccator and were 

investigated by TEM within some weeks after preparation.  

 

3.5.3 Preparation of a TEM thin foil sample of a coating/substrate 
configuration 

In order to investigate the deposit material and the interface zone of a coated button 

configuration (sub-section 7.3.6 on page 223) in the as-deposited condition using TEM, a 

sample was prepared using a special technique as illustrated in Figure 38. Two samples were 

taken and each mounted in a block of bakelite with the coating zone at the outer side. This 

surface was carefully ground with a 4000 grit finish until no porosity was apparent, 

suggesting that rough areas from the coating were removed, while retaining the integrity of 

the coating. After this step, both samples were taken out of the bakelite block. The two 

polished surfaces were glued together using a two-component adhesive. From this 

configuration, a thin foil disc (diameter 3 mm, < 50 µm thick) was prepared by careful 

sawing a thin slice using a diamond wire saw (type 850, South Bay Technologies, San 

Clemente, CA, USA) lubricated with glycerol and water-cooled grinding with the coating 

zone in the centre with a 4000 grit finish on both sides. In order to stabilise the configuration, 

two rings consisting of aluminium foil were glued on the sample from both sides using the 

same adhesive.  
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Figure 38: Illustration of the TEM sample preparation applied.  

 
Final thinning of the configuration was performed on a Precision Ion Polishing System 

(PIPSTM), model 691 (Gatan Inc., Pleasanton, CA, USA). In the machine, two ion guns 

directed a centrally focused Ar-ion beam onto the top and onto the bottom of the rotating 

specimen. The milling procedure was carefully controlled by observing coarse material 

removal (5 kV, 4° incident angle of the ion beam) periodically using SEM (incl. EDX) until 

a thin region was fabricated including the coating, interface and substrate of the sample. The 

final thinning procedure was conducted at 2 kV using an incident angle of 2°.  

3.5.4 Extraction of dispersoids onto amorphous carbon film 

The use of a sputtered carbon film as an extraction replica has several advantages, such as an 

amorphous nature, chemical stability and resistance against electron damage while 

maintaining mechanical strength[313]. In order to produce carbon extraction replica samples 

for TEM, conventionally mounted samples were water-cooled ground with a 4000 grit finish. 

As described previously, etching was performed in a 10 ml HCl in 90 ml methanol solution 

in an US bath with the sample facing downwards to avoid re-deposition of particles. The 

etching time was 7 min, as this resulted in full etching of the polished surface. Etched 

surfaces were cleaned with deionised water and rinsed with methanol. After drying, the area 

not intended to be subject to extraction was masked with conventional Al foil. The pre-

prepared configurations were coated with C in a vacuum plasma coater in an atmosphere of 

10-5 mbar until the coated metal appeared with a strawish colour. This indicated that the 

coating exhibited an optimum thickness in terms of removing the film and for microscopy. 

The coated metal was scratched using a sharp metallic object to produce squared patterns  

(~ 0.5×0.5 mm²) and was etched for several min in the same type of solution again in order 

to facilitate removal of the film. This was followed by putting the configuration in a bath of 

methanol to remove the solvent. Successively careful immersion of the sample in a bath of 

de-ionised water resulted in peeling and floating of the C-foil patches on the water surface, 

which were collected on Cu TEM support grids. The fabricated specimens were dried on a 

fibre-free cloth and baked on a glass plate which was heated to approximately 70°C for  

~15 min. _175  
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The thickness of the C-film was determined using two electron energy loss spectroscopy 

(EELS) based methods with an TEM JEOL JSM-2100 (JEOL Ltd., Akishima-Shi, TKY, 

Japan) equipped with a Gatan-Gif Quantum energy filter and aberration correction, type 

CESCOR (CEOS GmbH, Heidelberg, Germany) by Dr S. Romani at the Nanoinvestigation 

Centre at Liverpool (NiCaL). The zero-loss peak was extracted and the integral under both 

the zero-loss peak and the whole EELS spectrum were used to calculate the thickness using 

the log-ratio method[314] giving a value of the thickness of ~50 nm. Another measurement 

considered the refractive index (Kramers–Kronig sum-rule)[314] and lead to a thickness of 

~75 nm. The mean value of both results (62.5 nm) will be used later in this work. _474    

The analysis of the C-film by TEM-EDX (Figure 39a) detected the elements C, O, Si, S and 

occasionally traces of Al/Cr/Fe, while Cu was the element of the grid. Samples taken from 

the graphite block used for sputtering (Figure 39b) revealed the presence of S and Si. O in 

the film might arise from the sputtering procedure and could be present in the form of Si-O, 

S-O or corrosion products. Al/Cr/Fe are obviously trace elements, which were originally 

included in PM2000 and contaminate the film during the extraction process perhaps in the 

form of corrosion products.  

 
Figure 39: Investigation of major and minor elements in a produced C film and in the C bulk 

material used for sputtering using EDX.  
Part (a) shows a TEM-EDX spectra revealing the major elements O, C, Si and S in the produced C-
film  and (b) is a SEM-EDX spectra of a bulk graphite sample  used for sputtering revealing the 
presence of C, Si and S.  
Cextraction_composition.jpg 
It was found that the method presented was an effective way to extract dispersoids by 

removing the matrix leading to advantages in TEM imaging and EDX analyses as there is no 

magnetic or elemental effect of the matrix. Key findings on the elemental composition of 

dispersoids could be determined using that method. As mentioned previously, no indications 

were found that the procedure altered the size and/or elemental composition of dispersoids. 
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However, as dissolution of the matrix changes the stress field around the dispersoid, a 

change in crystal structure might be possible and the potential exist that the extraction 

procedure alters the surface of precipitates. Also the primary electron beam itself causes a 

certain energy input in both extracted particles or particles surrounded by a matrix, which 

may change the crystal structure as well. Hence, results obtained using extracted particles 

were treated with care.  

3.6 Microscopical techniques 
3.6 
Microscopical techniques 

A major part of the results presented in this work was acquired using a number of 

microscopical techniques. Depending on the facilities used and availability of equipment the 

utilised microscopes varied; for an overview about which data (micrographs, particle size 

distributions, TEM-EDX analyses) were obtained with which equipment, see Appendix 2. 

This sub-section only briefly presents the instruments used and methods applied, since these 

are standard techniques in materials science.  

 

3.6.1 Optical and differential interference contrast (DIC) microscopy 

Standard optical microscopy was performed on a number of instruments, which were a 

Nikon Epiphot TME inverted microscope in bright field (Nikon Corporation, Chiyoda, 

Tokyo, Japan), a Nikon Optiphot 2 and a Wild M8 stereo microscope (Wild Heerbrugg AG, 

Heerbrugg, Switzerland).  

Differential interference contrast (DIC) microscopy is an optical technique, which uses a 

light beam which is split into two and polarised with a 90° difference to each other. Changes 

in height of the object observed causes a shift of the beams relative to each other when they 

are reflected. A special prism re-combines the two beams and such beam shifts are converted 

into light intensities. A Nikon Epiphot TME inverted microscope equipped with DIC after 

Nomarski[315] was used to apply this technique. _576  

All of the optical microscopes used were equipped with an Infinity 2 camera system 

(Lumenera Corporation, Ottawa, Ontario, Canada) and the software Infinity Analyze 

Revision 6.1.0 (Lumenera), was used as a PC interface.  

 

3.6.2 Introduction to electron microscopy 

SEM and TEM use a high energy electron beam, which is focused by electromagnetic lenses 

and directed on the specimen. As illustrated in Figure 40, the interaction of this electron 

beam with matter generates a number of signals which can be used by various analytical 

methods. In SEM, the typical signals utilised are secondary electrons (SE) and backscattered 
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electrons (BSE). TEM uses transmitted and diffracted electrons, which are also the key for 

electron beam diffraction (EBD). Characteristic X-rays are used by EDX, while electron 

backscatter diffraction (EBSD) uses diffracted BSE's.  

 
Figure 40: The main signals that are produced when a primary electron beam hits a 

specimen.  
 Interaction.jpg        Hovmöller, p. 85    _424  after 322 (p. 85) 
Figure 41 displays the interaction volume with the primary electron beam to generate SE's, 

BSE's and characteristic X-rays, which originate from regions of different depths of the 

matter investigated. In particular, SE's origin from the region very close to the electron 

beam/matter interface ( within ~2 nm from the surface), while BSE's are emitted from deeper 

zones (~10-100 nm from the surface[316]). SE's are also emitted in deeper zones, but are re-

absorbed from surrounding material. Characteristic X-rays originate from both regions 

together with an additional drop-like shaped zone. A lower atomic number of the material 

investigated increases the interaction volume and penetration depth, which is also the case 

for an increase in acceleration voltage of the electron beam.[317]  

 
Figure 41: Illustration of the regions of the generation of secondary electrons (SE), 

backscattered electrons (BSE) and X-rays.  
SE-BSE.jpg   _506 
 
As a certain volume is exited by the primary electron beam during this process, issues in 

accurate detection may arise if a second phase is emitting BSE's or characteristic X-rays in 

parallel to the first one, as illustrated in Figure 42.  
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Figure 42: Problems associated if a first (A) and a second phase (B) are emitting BSE's or X-

rays in parallel.  
"*" indicates the primary electron beam and "**" the volume emitting BSE's or X-rays.  
X-ray_interaction.jpg 
 

3.6.3 Scanning electron microscopy (SEM) 

SEMs are electron microscopes in which a primary electron beam scans over an object and 

signals generated by interactions of the electrons with the object are used to generate an 

image. Compared to optical microscopes the depth of focus is enhanced as is the achievable 

magnification. Within the following paragraphs, the theory is briefly explained on the basis 

of SE's and BSE's, which is followed by a description of the instruments used for this work.  

 
Secondary electrons (SE's) 

The most frequently used signals in SEM are secondary electrons (SE's), which are produced  

when electrons of the primary beam interact with electrons of the object investigated. SE's 

have a low energy (< 50 eV) and originate from the area very close to the surface and, hence, 

such signals represent very accurately the surface topography, which is also the reason for an 

enhanced resolution compared to the situation when using BSE's. There also exist an edge 

effect when SE's emit from edges as in this case the level of absorption is lower. This 

mechanism contributes to the effect that edges in SE images are typically enhanced.  

 
Backscattered electrons (BSE's) 

BSE's are electrons having a relatively high energy which are mainly elastically (without 

energy loss) back scattered from the specimen. This effect is stronger for elements having a 

higher atomic number (Z-contrast) and, consequently, objects having a high average atomic 

number appear brighter in the generated image. Thus, the resulting image contains both 

topographical and elemental information and, therefore, both types of data need to be 

isolated from each other. A software combined the signals of each, while addition resulted in 

a compositional image and subtraction generated a topographical (Topo) image.[318] _507  

A technique using BSE's is channelling contrast, in which the crystal orientation causes an 

image contrast leading to the possibility to reveal the microstructure without etching the 

specimens; an example of such images is shown in Figure 43c. As described by Lloyd 

(1987)[319], in crystalline materials the electron beam interact with the crystal structure in a 
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way that electrons are channelled between atomic columns as illustrated in Figure 43a,b and 

the practical results are individual brightness differences. _470   

 
Figure 43: Illustration of the electron channelling effect.  

The impact of primary electrons relative to the crystal orientation lead to (a) interactions near the 
surface and (b) penetration along atom columns. (c) shows a practical example (SLM deposited 
PM2000) of the effect. 
SEM_channeling_contrast.jpg   _470 after _471  320   a,b: 319 (Fig. 6)]   
 
The instruments used 

The main part of SEM and EDX in this work was performed on a JEOL JSM-7001F field 

emission gun (FEG) SEM operated at beam energies of 15-30 kV. The thermal FEG allows 

high magnification imaging and a high probe current enabled channelling contrast techniques 

in BSE mode. Some work requiring lower magnification capabilities was conducted on a 

JEOL JSM-6610 at an acceleration voltage of 30 kV. A part of this research was also 

conducted on a Hitachi S-3400-N (Hitachi Ltd., Chiyoda, Tokyo, Japan) using a beam 

energy of 30 kV. This machine was mainly used to produce channelling contrast images of 

mechanical test specimens. A FEI Helios Nanolab 600i (FEI Corporation, Hillsboro, OR, 

USA) instrument was used for SE imaging, EDX as well as EBSD by Dr S. Romani and Dr 

K. Dawson at NiCaL. For an overview see Appendix 2.  

 

3.6.4 Transmission electron microscopy (TEM) 

In TEM's the primary electron beam passes through numerous electromagnetic lenses, 

interacts (transmission, diffraction) with the sample and can be formed in a way that imaging 

is possible, which may be on a fluorescent screen, photographic plates or on CCD cameras. 

Advantages of TEM's are a very high possible magnification greater than lattice resolution, 

the possibility to image atomic planes and the application of several techniques, which will 

be introduced later. A number of authors, such as Williams and Carter[321], describe the 

history, principle and techniques extensively. _125 _424    

A JEOL JEM-3010 equipped with a LaB6 electron gun operating with an acceleration 

voltage of 300 kV was used throughout this work. The following imaging modes were used: 
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bright field (BF) and diffraction contrast (DC) - dark field (DF). For DC-DF, the objective 

apparature was displaced and a diffraction spot was brought onto the optical axis.  

The specimen in the JEOL JEM-3010 was contained in a double tilt holder. The total 

goniometer tilt angle θ was calculated from the readout of the tilt in the two orientations x 

and y before (α1, β1) and after tilt (α2, β2) using[322 (after 323)] _424 _425  

( )2122112221
1 sinsinsincossincoscoscoscoscoscos ααβαβαβαβαθ ++= −

Equation 14Equation 15 

Images in the JEOL JEM-3010 were recorded on photographic plates and on a Gatan 

retractable slow scan camera, type 694 CCD camera system with a resolution of 1024×1024 

pixel (24×24 µm) and Gatan Digital Micrograph[333] as interface. The camera was calibrated 

for medium magnifications (~100 k×) using a 2160 lines/mm Cross Grating Replica (type 

AGS106, Agar Scientific) and gold single crystal nanoparticles on C film (type AGS135, 

Agar Scientific) to calibrate lattice resolution using (200), (220) or (100) lattice planes.  

Some microscopy (imaging only) was conducted on a TEM JEOL JSM-2100FCs instrument 

allowing higher resolution in BF illumination mode. The machine operated at 200 kV and 

was equipped with a FEG and images were recorded with a 2048×2048 pixel CCD camera.  

 

3.6.5 Energy dispersive X-ray spectroscopy (EDX) 

Physical background 

Energy dispersive X-ray spectroscopy (EDX) is a non-destructive X-ray spectroscopy 

technique. Atoms in a specimen are excited with an electron beam, which emit X-rays in an 

energy spectra specific for each element. Data can be used to determine the chemical 

composition of selected regions in samples.  

The physical process works as follows: During exciting of an atom, an electron of an inner 

shell is removed. Due to the instability of this configuration, the void is filled with an 

electron from an outer shell. As such electrons are at a higher energy state, the energy 

difference results in emission of a characteristic X-ray quantum depending on the type of 

atom. Different transitions are possible depending on the (outer) orbital of the electron that 

fills the void. If the (inner) K shell is filled with an electron from the successive L shell, the 

X-ray signal is referred to as Kα and if the electron origins from the following (more outer) 

M shell the signal is called Kβ. If the L shell is filled with an electron from the M shell, we 

speak about a Lα signal. As the outer shells L, M, etc. consist of various sub-shells we also 

distinguish the origin of the electrons from them by indexing the signals with arabic 

numbers, for instance 1, 2, etc. An energy-intensity diagram of the collected signals is used 

to determine the present element, where the area under the intensity peaks includes 

quantitative information.[324] 
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The SEMs and TEM used in this work were equipped with Si-Li EDX detectors and were 

extensively used in this work. The Si-Li detectors used, measure the energy of an incident X-

ray quantum by absorbing it. Statistical effects in the detector and electric noise lead to 

broadening of the characteristic energy peaks. Several effects, such as peak overlaps, a very 

low atomic number of the elements investigated or low volume fractions of the elements of 

interest affects the analysis negatively. Also issues are associated with the volume of 

emitting characteristic X-rays from more than one phase similar to that described before.[324]  

 
SEM-EDX 

The main SEM-EDX work was conducted on a SEM JEOL JSM-7001 equipped with an 

INCA x-act-51-ADD0001 EDX system (Oxford Instruments plc, Abingdon, UK) using a 

high acceleration voltage of typically 30 kV in order to stimulate the emission of 

characteristic X-rays up to ~10 keV. One study (quantitative analysis of loss of Y; sub-

section 4.5) was conducted on a SEM JEOL JSM-6610 equipped with an INCA x-act 51-

ADD0013 (Oxford Instruments) device. The operating software in both cases was INCA 

Microanalysis Suite Issue 18a + SP2 from Oxford Instruments. A site lock function was used 

in case that there was drift of the specimens. For this, a recorded image from an area of 

interest was compared with the actual one in certain time intervals and if displacement has 

occured, the previous (recorded) position was used for further analysis. For another study 

(sub-section 7.4.2 on page 228) the FEI Helios Nanolab 600i instrument used was equipped 

with an EDAX Pegasus Integrated EDX-EBSD, with Octane Pro SDD EDS (EDAX Inc. 

Mahwah, NJ, USA) and was only used for one EDX scan (Figure 202 on page 231).  325_522   

 
TEM-EDX 

The TEM JEOL JSM-3010 was equipped with a Link ISIS Pentafet detector/amplifier EDX 

system; the software to collect and to post-process the data was ISIS Suite Revision 3.35, 

both from Oxford Instruments.  

The effect of absorption and fluorescence was compensated by the ISIS suite software by 

considering an average thickness and an average density of the area investigated. The 

performed TEM-EDX studies used a fully condensed electron beam, which was recorded on 

CCD camera (Figure 44).  

Two major studies of this work analysed the elemental composition of a large number of 

randomly chosen dispersoids, which were extracted on amorphous carbon film. The 

approximate average density of the particle/carbon film configuration was required by the 

ISIS (EDX) software to calculate individual accurate quantitative compositions. As 

illustrated in Figure 45, this number was determined mathematically. The very simplified 

model presumed the presence of a top hat profile of a parallel electron beam and considered 

a carbon film with a uniform thickness and a perfectly spherical particle sitting above the 
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Figure 44: Image of the condensed electron beam used for TEM-EDX studies in an JEOL 

JSM-3010 instrument. 
 
film. As was mentioned before, the average thickness of this extraction material was 

determined to be in the range of 62.5 nm, which was used as one parameter. Another value 

required was the diameter of the X-ray emitting volume and accurately modelling of this 

property is complex and depends on numerous variables. Thus, a diameter of 35 nm, which 

is approximately the diameter of the fully condensed electron beam was presumed for this 

property. In the real case geometrical conditions of the film/precipitate configuration might 

also be different as the particles may be fully or partly imbedded in the carbon film, which 

may have a non-uniform thickness and, therefore the average density of the configuration 

would be lower. Depending on the size of the dispersoid relative to the condensed beam, two 

different modelling routes were applied for precipitates smaller (Figure 45a) and larger 

(Figure 45b) than the presumed diameter of the electron beam (35 nm).  

 
Figure 45: Illustration of two very simplified methods to model the individual average 

volumes of a dispersoid/carbon film configuration analysed by EDX.  
In particular, these are for (a) particles with a diameter smaller  and (b) larger than the diameter of the 
condensed electron beam.  
 
The volume Vc of the X-ray emitting cylindrical C-film for both models is  
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where del is the diameter of the condensed electron beam and tC is the thickness of the C-

film.  

For the case that the diameter of the particle is equal or smaller than the diameter of the 

condensed electron beam del, the total volume Vtotal can be calculated by 

6

dπ
VVVV

3
p

C1Ctotal +=+=   Equation 17 

where dp is the diameter of the particle (which must be smaller than del).  

If the particle has a diameter larger than del, the volume of the excited region Vtotal of the 

dispersoid can be calculated by section it into several elements composed of two half spheres 

V2 and a cylinder V3. To calculate both values, the height of the spherical cap hsp (marked 

with V2 in Figure 45) need to be determined after 
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This allows to determine the volume of the spherical cap V2 after 
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The height of the cylindrical volume V3 was calculated by subtracting two times the height 

hsp from the diameter of the particle. Consequently, V3 is given by 

( )spp
2
el3 h2dd

4

1
V −= π   Equation 20 

As illustrated in Figure 45b, the total X-ray emitting volume Vtotal of the particle having a 

diameter dp larger than the condensed electron beam del yields 

32Ctotal VV2VV ++=   Equation 21 

Based on the total determined volume for both cases Vtotal, the average thickness of the 

excited material tavrg is given by 

2
el

total
avrg

d

4V
t

π
=   Equation 22 

Thus, the average density hit by the electron beam ρavrg can be calculated by considering the 

ratio of the excited volume of the carbon film VC against the total excited volume Vtotal 
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determining the fraction of the density of the carbon film ρC and the density of the particle ρP 

by using  
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The exact density ρP of the Y-rich particles investigated is difficult to determine if a 

multiphase crystal structure is present or if the crystal structure is unknown. Since the 

density has only a minor effect on the overall individual results on the EDX analysis, an 

average value of the densities of YAM, YAP and YAH after Table 6 on page 16 were used, 

which was ρP = 4.76 g/cm³. The density ρC of the C film used was estimated at 2.15 g/cm³, 

which is the average value determined for amorphous carbon (2.0-2.3 g/cm³)[326].  

 

3.6.6 Electron backscatter diffraction (EBSD) 

When a primary electron beam interferes with a tilted (in EBSD typically 70°C) crystalline 

sample, constructive and destructive interaction of the diffracted electrons occur and a 

characteristic (Kikuchi) pattern is formed, which includes the key crystallographic 

information. Indexing this pattern allows the individual crystal orientation and the compound 

type may be determined. As mentioned before, this technique was conducted on a SEM-FIB 

FEI Helios Nanolab 600i using an EDAX Pegasus Integrated EDX-EBSD operated by Dr K. 

Dawson and Dr S. Romani at NiCaL; postprocessing of the data was conducted by the 

author. In the instrument, the Kikuchi patterns formed were projected onto a phosphor 

screen, which were recorded with a Digiview IV EBSD camera system. The process was 

automated to generate maps from the crystal orientation, which were processed using the 

EDAX Orientation Imaging Microscopy v7 software package for data collection[327] and 

postprocessing[328]. This also allowed the generation of inverse pole figure maps, maps from 

the misorientation between the crystals and stereographic projections of the grain 

orientations. Other determined data were maps from the confidence of the interpretation of 

the acquired data (confidence index, CI) and of the image quality (IQ). Schwartz et al. 

(2009)[329] and Oxford instruments (2014)[330] describe EBSD extensively. _496 _593_594_595  

 

3.6.7 Focussed Ion Beam (FIB) 

FIB is a technique allowing machining on the nanoscale level using focussed ions[331]. 

Integrated SEM-FIB instruments were used in the present work to ablate materials and to 

image each successively revealed slice using a JEOL JIB 4501, operated by Mr H. 

Matsushima (JEOL), and a Zeiss Auriga 40 (Carl Zeiss NTS GmbH, Oberkochen, 

Germany), operated by Dr A. Schertel (ZEISS). Software systems were used to generate 3D 

reconstructions based on the contrast of the SEM-BSE images. 332    
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3.6.8 Phase identification 

Phase identification was performed in two different ways, which are described as follows. 

ODS particles were assigned by a method using crystallographic data provided by high 

resolution TEM (HRTEM) images and fast fourier transformation (FFT) as a means to 

interpret them. Some other compound types were assigned by analysing EBD patterns.  

 
Phase identification of ODS particles using HRTEM and FFT 

Lattice spacings of randomly chosen dispersoids extracted on carbon film were oriented in 

HRTEM imaging in the JEOL JSM-3010 instrument along zone axes using a double-tilt 

holder. The corresponding fast fourier transformation (FFT) pattern (generated with the 

software Gatan Digital Micrograph[333]) together with the quantitative elemental data from 

them were compared with lattice parameters of the possible compounds. FFT is a method to 

transform periodic structures (in real space) in an image into reciprocal space after the 

principle illustrated in Figure 46. This means that lattice spacings with distances e.g. a and b 

are transformed into points with values from the centre of the diagrams of 1/a or 1/b, 

respectively, whereas angles between them remain the same. Random noise was reduced by 

the use of large areas for FFT of the HRTEM micrographs as was suggested by Hovmöller et 

al. (2011)[322].  

 
Figure 46: Illustration of the principle of FFT to convert periodic structures in (a) real space 

into (b) reciprocal space.  
       334  
This procedure accurately acquired both the corresponding lattice spacings and angles 

between them, which was used to assign the structures. Electronic crystal models were 

provided in the form of crystallographic information files (CIF) by the CDS[94] and ICSD[95] 

databases and CrystalMaker(R)[335] linked with SingleCrystalTM[336] used those to model lattice 

spacings, angles between them and diffraction intensities of the individual lattice spacings.  

 
Phase identification by analysing EBD patterns 

The EBD patterns in this work were generated in a TEM and the physical principle is based 

on complex diffraction effects of the primary electron beam with the atomic lattice of 
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individual phases, which were, in the present cases, oriented on zone axes. The procedure 

produced characteristic patterns, which were recorded on photographic plates. Depending on 

the angles, distances and intensities of the individual reflection spots, the type and 

orientation of the crystal was assigned. Detailed information about the technique is, for 

instance, provided by Zou, Hovmöller and Oleynikov[322].  

Based on the camera length Lcamera, electron wave length λ (300 keV = 1.97×10-12 m)[337] and 

the distance of the reflections from the centre of the pattern dpattern, the lattice parameter d 

was calculated after  

pattern

camera

d

L
d

λ= Equation 24  Equation 24 

In order to verify results, two EBD's of the crystals, orientated in a different relative angles 

can be recorded. The angle α between a zone axis zone axis 1 (h1k1l1) and a zone axis 2 

(h2k2l2) was calculated after[338] 
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As described before12, CIF files and software systems were used to support assignment of the 

phases.  

 

3.6.9 Determination of the size distribution of precipitates 

A software supported manual method was used to determine the diameter of dispersoids 

imaged in TEM-BF in different areas of the samples in high magnification. Circular or 

elliptical shapes were carefully drawn over the particles at high magnification using a 

function in a graphics software. Drawn shapes of overlapping particles were separated. As 

illustrated in Figure 47, after removing the original image, the software ImageJ[339] and the 

macro ParticleSizeAnalyzer (PSA_r12)[340] were used to determine the individual mean 

particle diameters based on the area of the structures. The software automatically calculated 

the average diameter of elliptical shaped dispersoids based on the determined area. It was 

found that the applied method lead to more reliable data and repeatability of results 

compared to automated analysis (ImageJ[339] / ParticleSizeAnalyzer[340]) especially, if 

particles overlapped, the image was poor in contrast or was subject to perturbances 

(dislocations, structures on the C-foil). In such cases, depending on the threshold level of the 

software, variations of > ±20% in particle diameter were observed, which was also noticed 

by other researchers[342].  _443_500  341 
                                                           
12 See "Phase identification of ODS particles using HRTEM and FFT" in the same section.  
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Figure 47: Illustration of the steps involved in particle size measurement.  

342 
Typically, the dispersoids analysed in this work were globular or slightly elliptical shaped. In 

cases where they could not be fitted to either shape, the dispersoid size was determined 

manually along the maximum length and perpendicular to it and the average value was 

calculated. Areas within which it was difficult to recognise all particles (dislocations, a high 

thickness of the electrontransparent area or overlapping particles) were excluded from the 

analysis and 200+ particles were analysed for each group. Also FEG-SEM nanographs were 

analysed in this way, but the number of analysed particles was lower as will be mentioned 

later and there were limitations associated with this analyses. Reference data (size 

distributions) of conventional processed recrystallized (1380°C, 1h) PM2000, later called 

reference material (displayed in Figure 69, Figure 89, Figure 90, Figure 143), were provided 

from the literature[15] and was in good agreement with analyses by other researchers[76]. _520 _523   

 

3.6.10 Analysis of the wall thickness and determination of the relative 
density of SLM builds 

The thicknesses of SLM wall structures (viewed from the top) of arrays fabricated in  

Chapter 5 were evaluated using the optical measurement function of a standard 

microhardness tester. Here, five values were randomly taken distributed over the whole 

length of the individual builds and the average was calculated.  

Several methods have been used by researchers in order determine the relative density of 

AM parts including microscopy of cross sections, the Archimedes method[344] or X-ray 

tomography. All have several advantages and disadvantages over the others. The 

Archimedes method is easy to use and the latter requires special machines, which is not the 

case for microscopy based techniques. Using microscopy based methods allow, additionally, 

the study of distribution, size and form of pores[345] assuming that the pores are randomly 

placed and was applied in this work. This also enabled the analysis of several arrays of 

builds, fabricated during optimisation programmes, which were not removed from the 

substrate plates. Consequently, sample preparation and microscopy was conducted from the 

top of the builds. For the determination of the relative density of SLM builds in this work, 

samples were firstly ground from the top with a 4000 grit finish removing ~2 mm of material 
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from the top of the builds and three randomly chosen optical images were taken with a 

Nikon Optiphot 2 optical microscope. The good polish resulted in a scratch-free surface 

finish. The magnification was chosen at a level, which assured the best statistical reliability 

of the analysed build defects. In the images recorded, build defects appeared dark, while the 

metal appeared very bright and a conversion into black/white images using a graphics 

software was conducted successively. In a similar way to the measurement of the particle 

size distribution, the macro ParticleSizeAnalyzer (PSA_r12)[340] integrated in the software 

ImageJ[339] was used to determine the relative area fraction of such build defects and average 

values were calculated from the series of images taken. More details are given in the 

appropriate sections in the text. _445_608_609  

 

3.7 Atom probe tomography (APT) 
Atom probe tomography (APT) 
3.7 

The basic principle 

APT is a powerful analytical technique to generate three dimensional data of a high number 

of atoms and/or ions. The technique typically uses a DC voltage in the range of 5-20 kV 

which is applied on metallic specimens having the shape of a needle with a very sharp tip. 

The process takes place in vacuum while the specimen is cooled down to approximately  

-223°C (50 K). Controlled evaporation of atoms and ions from the tip in the present 

experiment was achieved by applying pulsed laser energy, while a parallel high voltage bias 

can also be applied to stimulate the process. As the travel time of evaporated objects between 

the tip of the needle to a detector (Z direction) can be measured, the mass of the atom or ion 

is mathematically determined and the XY position is known since the detector is position 

sensitive.[162,346] _429 _430  

These measurements result in individual mass-to-charge ratios (mass spectrum), which 

allows the type of atoms/ions to be determined. This is obviously more complex if many 

different ions are present due to possible peak overlaps. The process results in controlled 

removing of atom layers in the Z direction and the data collected can be post-processed to 

reconstruct 3D atomic maps.  

 
Description of the APT system used 

In this work, a LEAP 3000 (Cameca SAS, Gennevilliers Cedex, France) instrument located 

at Oxford University was used, which was operated by Dr C.A. Williams; data 

postprocessing was performed by the author using the IVAS software from Cameca.  

Figure 48, shows how in this machine, a local electrode is used with a low distance to the 

needle tip leading to improvements in acquisition rates.  
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Figure 48: Illustration of the basic principle of the local electron probe  

(LEAP). [Redrawn from 162] 
APT.jpg Williams p. 42                     Fig. 3.1        
The method is subject to a number of limitations as laser pulsing is applied from one side, 

which may result in a non-uniformly evaporation behaviour of atoms/ions. Applying laser 

energy increases the possibility of surface migration of evaporated objects and the 

probability that multiple atoms/ions are emitted together. A characteristic of this machine is 

a design, where detectors are present in a certain configuration, which leads to complete 

detection of all elements, but only approximately 37% of the ions.[162]  

 
Limits of the analysis 

APT can be subject to a number of limitations including ionisation of atoms during the 

analysis. Another issue is the formation of artefacts, which were described by Williams[162] 

for ODS steels as follows: 'Features such as grain boundaries and second phase particles can 

create a degree of uncertainty in the detected position of the ions, as they often cause the 

surface of the specimens to deviate significantly from the hemispherical tip shape assumed in 

the reconstruction model. [...] these features may affect the tip shape during analysis' and, 

thus, may lead to the effect that ions are projected in regions where they are originally not 

present. Due to the relatively high number of elements in a dispersoid found in the present 

work many possible multiple-ion combinations are possible, which may cause peak overlaps 

in the mass spectrum. It may affect results presented in this work in a way that detected 

atoms/ions of precipitates are projected into regions where that are originally not present and 

that their elemental information obtained is in some cases not correct. Such limitations are 

complex[162] and will not be discussed as this is beyond the scope of this work.  

 
Data evaluation - proximity histogram 

A proximity histogram (proxigram) was used to display a concentration profile of a particle 

including statistical data. In order to generate this, an iso-concentration surface (isosurface) 

was defined at the particle/matrix interface at which the concentration of a certain type of 

atoms or ions reached a certain value. This threshold was defined as distance 0. The 

proxigram plotted the individual elemental concentrations on the parallel surfaces to this 
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isosurface in the direction perpendicular to the isosurface. Positive distances represented the 

regions into the particle and negative values into the matrix.  

 
Sample preparation 

APT was performed on samples taken from a complex thin walled structure (Chapter 4). In 

this regard, the walls from the build were sectioned into match stick shaped specimens using 

a water cooled low speed saw, type IsoMet (Buehler). Conventional grinding on these pieces 

was conducted with a 2500 grit finish to fabricate the final geometry in the dimensions 

0.5±0.1×0.5±0.1×12±0.5 mm. The procedure involved sticking the specimens onto a 

cylindrical metal rod described before using a wax which involved heating of the 

configuration up to approximately 170°C. Remaining wax was removed with acetone 

(propanone) in an US bath.  

As illustrated in Figure 49a, the match stick formed samples were vertically oscillated 

through a bath consisting of a thin layer of an electrolyte (25 vol.% perchloric acid in  

75 vol.% acetic acid solution) floating above a Galden solution, a perfluorinated fluid 

(supplied by Solvay Solexis S.A., Brussels, Belgium). An applied current between the 

sample and a counter electrode resulted in erosion of the specimen in the electrolyte and the 

result were two tip-shaped specimens.  

Final sharpening of the tip was achieved by a second electropolishing step. As displayed in 

Figure 49b, the tip fabricated previously was oscillated through a drop of an electrolyte  

(2 vol.% perchloric acid in 98 vol.% 2-butoxyethanol) in a wire loop with an applied voltage 

of 5 V DC to the specimen. The procedure was carefully controlled by observing the process 

via an optical microscope. Oxidation of the sharp tip was minimised by storing the finished 

samples in a vacuum desiccator.  

 
Figure 49:Illustration of sample preparation for APT. 

Part (a) shows the primary electropolishing step. This was (b) followed by a final thinning procedure.  
  _431   347     -> Ceri's thesis      a: 162 (Fig. 3.5)]        
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3.8 X-ray diffraction (XRD) 
3.8 
X-ray diffraction (XRD) 

XRD was used to investigate the crystallographic nature of samples. Based on the physical 

principle of interaction of an X-ray beam with electrons of atoms in a crystalline lattice, 

Bragg scattering occurs. Mathematically, Bragg scattering can be described by  

θλ sind2n =   Equation 26 

where, n is an integer of the present order, d is the interplanar spacing, λ is the wavelength of 

the incident beam and θ is the angle of incidence of the beam. Depending on the distance 

between the atoms, the individual diffracted waves have also varying path differences and 

interfere with each other. This leads to destructive or constructive interference (Figure 50), 

depending on the crystal structure. In polycrystalline specimen, this results in cones of 

diffracted waves and the intensity of them is recorded together with the tilt angle to 

determine a characteristic pattern. This non-destructive technique can be used on powders, 

multi-crystalline solid material and thin films.  

 
Figure 50: Illustration of Bragg scattering during (a) constructive interference  and (b) 

destructive interference .[322]  
_424    Oxford University Press                   Fig. 5.2   PERMISSION OBTAINED 
A Bruker D5000 x-ray diffractometer equipped with a Cu x-ray tube (Cu-Kα1 beam = 

1.5405Å), located at Oxford University and operated by Mr P. Holdway was used for one 

experiment (Figure 61 on page 91 and Figure 66 on page 95). All other XRD experiments 

were performed on a Rigaku Miniflex+ desktop X-ray diffractometer (Rigaku, Tokyo, Japan) 

equipped with a Cu x-ray tube located at Liverpool University operated by the author. The 

acquired graphs acquired from the Miniflex+ instrument were smoothened, and the 

background and a Cu-Kα2 peak were removed. The scan speed was chosen to a relatively 

low value of 0.09 °/min in order to increase spectral resolution. The XRD database 

WinXPOW[348] provided spectra, which were used to assign possible phases manually based 

on quantitative EDX data of the compounds investigated.  
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3.9 Neutron diffraction (ND) 
Neutron diffraction (ND) 
3.9 

As neutrons are not charged they interact weaker with matter compared to X-rays and 

electrons. The principle of ND is similar to X-ray diffraction, with the difference that 

neutrons diffract from the core of atoms. Hence, ND patterns represent the crystal structure 

based on analysing atom cores and XRD patterns information based on electrons. Data 

obtained are similar to those from XRD, which are intensity profiles of diffracted neutrons. 

ND experiments require the availability of a continuous neutron source which is limited to a 

small number of facilities. A neutron beam is directed on the specimen and a number of 

sensors after the specimen allow analysing diffracted neutrons. Since neutrons do not have 

any charge, ND is a suitable method to investigate thick13 samples with thichnesses up to . 

Other advantages of ND compared to XRD are the well separated intensity peaks having a 

high resolution (low width of diffraction peaks) and the possibility of obtaining data from 

minor phases.[349]  _433   

The ND experiment presented in this work was conducted at the HRPD (high resolution 

powder diffraction) instrument at the ISIS neutron and muon source facilities at the 

Rutherford Appleton Laboratory in Harwell, near Oxford (UK) by Dr A. Daoud-Aladine. For 

the experiment the specimen was put into a V (vanadium) sample holder, V was chosen 

since this element has a low scattering effect on neutrons[350].  

As described by Willis and Carlile (2012)[349], the HRPD uses the energy dispersive flight-

path method. A pulsed white neutron beam is generated by a source 96 m away from the 

specimen and is directed (using beamlines) directly onto it, where the beam diffracts. In the 

instrument, neutrons are produced during spallation in a target consiting of W during the 

collision with accelerated protons (accelerated in a synchrotron). In the time where the 

neutron pulse reaches the specimen, separation of neutrons depending on their wavelength 

has already occurred. Diffracted neutrons are also evaluated by measuring the travel time 

between source and detector. Thus, a long travel distance increases the resolution of 

diffracted peaks and in order to record an overlap-free spectra, a number of detector 

arrangements are used.[349] 

The layout of the HRPD is displayed in Figure 51. The instrument used a neutron pulse rate 

of 50 Hz and the overlap-free wavelength range ∆λ was 0.8 Å. Therefore, in order to obtain a 

full ND pattern, the diagram consists of several individual overlapping wavelength sections. 

The design of the HRPD included a curved nickel guide to "clean" the beam before it 

reached the sample from unwanted high velocity neutrons and γ-radiation. As shown in 

Figure 51, a number of different detectors analysed diffracted neutron radiation, while a 

computer system combined the data to form one ND pattern.[349,351]    

                                                           
13 In the present work: t = ~200 µm.  
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Figure 51: Layout of the HRDP instrument at the ISIS facilities.[349]  

Oxford University Press                            Fig. 8.4   PERMISSION OBTAINED 
Detailed instrument characteristics and more information about the technique described 

(physical background of ISIS and the HRDP and other instruments) can be found on the 

ISIS-HRPD website[351] and in literature[349]. _432_433    

3.10 Microtensile and creep testing 
3.10 
Microtensile and creep testing 

Mechanical microtensile and creep tests were conducted on optimised SLM build 

configurations described in Chapter 6 and on conventional PM2000 in the as-extruded and 

recrystallized conditions.  

 

3.10.1 Specification of the specimens 

Figure 52a shows photographs of both types of specimens used, which were microtensile test 

specimens (Figure 52c) and dog bone shaped creep specimens (Figure 52d). The specimen 

geometry is not standard size. They were machined out of SLM wall and solid builds and 

from conventional PM2000 (details will be provided at a later stage) by wire EDM by an 

external company (Materials Design & Processing, Kingston, TN, USA) using a Fanuc 0C 

machine (Fanuc Corporation, Minamitsure-Gun, YMN, Japan) and water as an electrolyte. 

Processing parameters were approximately 1 A and 35 V using a fine brass wire. The 

resulting machined surface was smooth (Figure 52b). dia 0.025 (67% Cu / 33% Zn)  

3.10.2 Determination of the gauge dimensions 

As illustrated in Figure 53, as-grown SLM walls showed a slight wave-like surface 

morphology perpendicular to the build direction caused by layer-by-layer wise fabrication.  
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Figure 52: Illustration of creep and microtensile specimens used in this work. 

Part (a) shows a photograph of both specimens and (b) shows a typical EDM surface. The specimen 
dimensions are illustrated for (c) microtensile and for (d) creep specimens.  
Test_specimen.jpg 
 
Thus, the thickness could not be simply taken by a micrometer. In order to overcome this 

issue, randomly chosen measurements were taken from both sides with a SEM and the 

average thickness was calculated from those. For the thickness, in total ten measurements 

were taken for each tensile specimen and 20 for each creep specimen. The gauge width used 

for further calculations was the average value of five randomly chosen measurements from 

both sides. A high accuracy of the measurements with a SEM was confirmed by measuring a 

test piece with exactly known dimensions.  

3.10.3 Microtensile tests 

Conventional tensile test specimens have a size of several cm and were significantly larger 

than SLM builds grown in this work, hence this was the motivation to use microtensile 

testing instead. Microtensile experiments in this work were performed using a set-up 

displayed in Figure 54. The main components were a stepper motor, type NEMA 23 

(Ultramotion, Cutchogue, NY, USA), a 11.1 N load cell and a custom slider linear air 

bearing. In order to minimise vibrations, the test set-up was fixed on an air table. 

Experiments were performed under uniaxial tension with a few unloading and reloading 

sequences. [d]According to standard practice, the Young's modulus is the ratio of stress to the 

strain in the elastic range of materials in the stress-strain plot. However, as shown later, the 

elastic range deviated in some cases from linearity, which was probably caused by slight slip 

in the grips as will be detailed later in section 6.6. Unload-reload sequences were used to 

determine the Young's moduli after certain strain rates, as was suggested by Benito et al. 

 



Materials and experimental procedures 3 

- 82 - 

 
Figure 53: Strategy to determine the average thickness  and the gauge width  of specimens 
for mechanical tests illustrated for the example of tensile specimens taken from SLM grown 

walls. For "dog bone" shaped creep specimens the same procedure was applied.  
 
 

 
Figure 54: Experimental set-up to carry out microtensile tests at room  

temperature.[A-C: 356]  
The images show (a) the whole set-up, (b) a CAD model of the mechanical part, (c) a photograph of 
the mechanical part and (d) a microtensile specimen/grip configuration without the top part.  
Tensile-setup.jpg _467             Wiley           Fig.1           PERMISSION OBTAINED 
(2005)[352]

[]. The load and displacement were monitored and recorded by a computer 

programme (LabView®, National Instruments, Austin, TX, USA). Tests were performed 

under a displacement rate of 0.005 mm/s, while a 6.6 megapixel CMOS camera (PixeLINK, 
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Ottawa, ON, Canada) captured sequential (1 s) high-resolution images of the specimen plan 

view. The camera system was equipped with a Ultrazoon 6000 lens with 3 mm Fine Focus 

(Navitar, Rochester, NY, USA). These images were post processed to calculate the 2D strain 

maps using a Matlab®-based (MATLAB, Natick, MA, USA) algorithm. Information about 

which is described elsewhere[353,354,355] as well as further details on the test set-up and 

experimental procedure[356].  _497 _498 _442 _512_588   

 

3.10.4 Creep tests 

A vertical creep rig enclosed in a vertical tube furnace was used to carry out the creep tests 

for this work; for the whole set-up see Figure 55a. Within the furnace, the test specimen was 

inserted between two grips, made of PM2000, and held by small alumina rods (Figure 55c) 

and insulating material was attached at the upper and lower end of the furnace. 

Thermocouples on both ends of the specimen were used to monitor the temperatures during 

the test and a height adjustment was used to achieve the same temperature for both 

temperature sensors. The bar mechanism of the rig to transmit the load (attached below the 

arrangement) and to hold the specimen from the other side is shown in Figure 55b. It 

consisted of two vertical bars, made from MAR-M-247 (59Ni-10.0W-10.0Co-

8.25Cr,5.5Al,3.0Ta,1.0 Ti,0.7 Mo,0.5Fe), attached to an upper grip and of another set of two 

bars at the lower grip. The relative displacement was monitored by two linear differential 

transformer (LVDT) extensometers (Figure 55c) giving an output voltage of -10 V to +10 V. 

 
Figure 55: Photographs of different parts of the creep test set-up. 

Part (a) shows the whole set-up, (b) is the configuration which is inserted in the furnace during testing, 
(c) is the grip mechanism and (d) is the LVDT configuration.  
Creep_setup.jpg  
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A customised computer system monitored the displacement and measurements were 

recorded in 6 min intervals. Creep in the system was minimised by the fact that only the 

displacement between the grips, which were in contact with the shoulder of the specimens, 

was used to determine the deformation. The relative displacement ∆l was calculated after 

( )
in

mm
4.25in02.0Vl ××∆=∆   Equation 27 

where ∆V is the voltage difference relative to a starting value. The first creep tests were 

conducted under conditions where the load or the temperature were increased in steps during 

the test procedure, later called incremental creep test.  

 

3.11 Summary and outlook 
 
It has been shown that the as-MA PM2000 powder used in this work for consolidation 

exhibited both equiaxed and plate-like grains, respectively, and was fully dense. Sieving with 

a 106 µm mesh size was applied to remove coarser particles, and the remaining particles 

were mainly equiaxed shaped. The SLM machine layout consited of several components, 

such as a wiping/hopper system, a movable substrate plate, a gas system and included also a 

fibre laser system having a maximum output power of 200 W. A scanning unit directed the 

focused laser beam onto the powder bed, which, in focus position (used throughout this 

work), achieved a spot diameter of ~30 µm. Typically, SLM structures were removed by 

means of EDM from the build substrate and in one case, a thin-walled honeycomb 

configuration, using mechanical cutting. An optical surface profiler was used to quantify 

surface roughness. Oxidation experiments were conducted in horizontal tube furnaces in 

laboratory air isothermally, whereas annealing was done either by putting the samples in 

evacuated quartz ampules or using a flowing Ar gas atmosphere. Samples for the SEM were 

typically either mirror polished or etched using originally a 0.25µm surface finish. Cross 

sections from oxidised specimens were prepared by sticking them onto a rod to hold them 

during grinding and, alternatively, using Ni-electroplating followed by the same procedure. 

TEM thin foil samples were thinned from 3 mm discs with a thickness of <50 µm (produced 

by conventional grinding) to electron transparency using an electropolishing technique. A 

TEM thin-foil sample from a PM2000 coating on a IN939 substrate was prepared by sticking 

polished surfaces together and thinning the whole configuration, followed by ion thinning 

(PIPS). Extraction replica samples were fabricated by polishing the metal of interest with a 

4000 grit finish, etching it, coating it with C in a vacuum sputter coater and, finally re-

etching the configuration, followed by removing patches of the C-film in a water bath, which 

were collected on Cu-support grids. Microscopical techniques used include SEM, which 

were used in the three modes, SE, BSE (Z- and channelling contrast), Topo (height 

differences) with the majority of work conducted on a JEOL JSM-7001F instrument. TEM 
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was conducted in both BF and DF-DC (diffraction contrast) mode on a JEOL JEM-3010 and 

on a JEOL JSM-2100FCs instrument. EDX was extensively used throughout this work in 

SEM's and TEM's. The effect of absorption and fluorescence in TEM-EDX was 

compensated by the software used for data collection. For this, an average volume and 

density of the configuration irradiated by the electron beam was considered, which was 

estimated using a very simplified model. EBSD analyses were conducted on a FEI Helios 

Nanolab 600i instrument and FIB work was accomplished on both a JEOL JIB 4501 and on 

a Zeiss Auriga 40 instrument. Phases of compounds were assigned using HRTEM 

nanographs and EBD by analysing the distances between lattices/reflexions and angles 

between them. Size distributions of precipitates were determined by defining manually the 

outline of the particles and using software to calculate individual diameters; 200+ particles 

were analysed in order to plot one group in the resulting diagrams showing relative size 

distributions. Wall thicknesses of SLM structures were analysed using the measurement 

function in a microhardness tester and the level of porosity was determined using optical 

(4000 grit polished) micrographs and software-based postprocessing of them. APT was used 

for one analysis in this work and the principle of this technique is based on the measurement 

of the time-of-flight of atoms and ions between a sharp tip to a detector using high voltage 

and optionally laser energy to facilitate their emission. Using these data, three-dimensional 

maps of atoms/ions in a nanoscopic volume can be produced. In this work, APT work was 

accomplished on a LEAP 3000 instrument. The preparation of the needle-shaped samples 

required for APT was based on a two-step electropolishing technique. The crystallographic 

nature of samples was investiated using XRD with the principle based on Bragg scattering 

leading to constructive and destructive interference of a diffracted X-ray beam; a Bruker 

D5000 and a Rigaku Miniflex+ desktop X-ray diffractometer were used to apply this 

technique. ND was used to acquire similar information and one sample was investigated on 

the HRDP instrument at the ISIS neutron and muon source facilities. Both tensile and creep 

testing was conducted on miniturised specimens, which were machined out of SLM builds 

using EDM. The gauge dimensions were determined using the measurement function in a 

SEM. The microtensile test machine consisted of a loading set-up and a camera system to 

acquire both the load and displacement during deformation in load-unload sequences in 

order to compensate setting effects in the grips. Creep testing was conducted in a vertical 

tube furnace and the displacement of two grips holding the specimen was monitored in 6 min 

intervals.  

The materials and experimental procedures have been described here and the further 

emphasis in the following chapters is on results acquired using the methods discussed.  
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4 Characterisation of a complex thin-walled structure grown with non-optimised processing parameters 

Chapter 4 

Characterisation of a complex thin-walled 
structure grown with non-optimised processing 
parameters 

Focus is on characterisation of walls and not on the honeycomb shape 
 
Within this chapter, sub-section 4.1 presents the motivation for the studies conducted. This is 

followed by a general introduction and an explanation of the manufacturing conditions of a 

complex thin walled hexagon-in-hexagon structure subject of this chapter (4.2).  

Sub-section 4.3 deals with the surface morphology of outer walls of the structure, and the 

microstructure of the build is the emphasis of sub-section 4.4. Particles and inclusions, rich 

in O, Al and Y are the focus of part 4.5. Samples of the outer walls of the structure were 

investigated further in terms of dispersoids, which was the case for the as-grown condition 

(4.6) and for a sample after conducting a post-build annealing procedure (4.7).  

Sub-section 4.8 discusses experimental results and the key findings are summarized in 

paragraph 4.9.  

4.1 Motivation 
Motivation 
4.1  

A fully dense complex PM2000-SLM thin-walled hexagon structure was grown by simply 

scanning four parallel lines per deposit slice close together using similar parameters to those 

used by Walker et al. (2009)[15] which resulted in least agglomerations of ODS dispersoids. 

The build was grown prior to the start of the project by Dr E. Louvis at the Manufacturing 

Science and Engineering Research Centre at the University of Liverpool. Hence, the 

motivation of Chapter 4 was the characterisation of this configuration in terms of build and 

grain morphology as well as the study of the nature of the dispersoids formed. The studies 

performed were also intended to evaluate the principal feasibility of SLM processing of ODS 

materials.  

4.2 Introduction and manufacturing conditions 
4.2 
Introduction and manufacturing conditions 

Images from the CAD model of the structure in two viewing orientations are displayed in 

Figure 56a,b and the physical build is shown in Figure 56c. A region exhibiting a crack is 

displayed, which will be discussed at a later stage. As demonstrated in Figure 56d, four 

parallel scan lines were applied per deposit layer to form the wall thickness. For each slice, 

the two outer lines were scanned first, followed by the inner two, since such a scan strategy 
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supports the formation of dense walls. The distance between one outer and the neighbouring 

inner scan line was 70 µm, while the distance between the two inner lines was 60 µm. The 

SLM-100 machine at that time was equipped with a YLM-50 ytterbium fibre laser (LPG 

Photonics) and the maximum laser output power (50 W) was applied. Other parameters for 

the process were: exposure time ET = 200 µs and point distance PD = 30 µm leading to a 

mean traverse velocity of 0.15 m/s.  

The majority of the studies of this chapter uses outer walls and in order to guide the reader, a 

coordinate system will be used in figures as shown for the wall marked with Ref. 1 in Figure 

56a. Other walls were also investigated, for instance one which is marked as Ref. 2, but the 

same coordinate system was used.  

 
Figure 56: The complex hexagon-in-hexagon structure, subject of this study.  

The images show (a,b) a CAD model of the structure, (c) the build attached to the substrate plate and 
(d) an illustration of the scanning strategy viewed from the top.  
Honeycomb.doc 
As illustrated in Figure 57, depending on the results found later in this chapter, the build 

structure could be classified into a top and a bottom region. The transition was gradual, but 

changes in grain morphology of outer walls could be observed at ~2 mm from the bottom 

end. As will be discussed at a later stage, this was likely to be caused by different 
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temperature conditions and the formation of a thermal equilibrium during the growth process 

after reaching a certain build height.  

 
Figure 57: Illustration of the top and bottom region of the build.  

 

4.3 Wall morphology 
Wall morphology 
4.3 

Surface roughness 

When observing the surface finish of the build, there was the evidence of regions having 

different levels of surface roughness. One extreme (area 1; Figure 58a) was relatively 

smooth, whereas on the other hand there were also zones with an increased number of 

attached re-molten powder particles (area 2; Figure 58b). The occurrence of both types of 

finishes did not follow a specific pattern and was perhaps influenced by turbulences of the 

gas stream in different regions of the build space leading to differences in the thermal 

conditions. Both extreme cases were subject of a profilometry scan over an area of 3×3 mm. 

The results are displayed in Figure 59; the arithmetic average of the absolute surface 

roughness Ra for area 1 was 10.82 µm (Rq = 18.1 µm, Rt = 238.1 µm) and within area 2 it was 

17.58 µm (Rq = 24.5 µm, Rt = 360.7 µm). Features appearing bright on the wall surfaces 

could be observed in both regions in a similar size and number density, which will be 

discussed later.  

 
Figure 58: SEM-SE images show the plan view of an outer wall of the hexagon structure.  

The images show (a) a smooth type (area 1) and part (b) shows a rough type (area 2).  
Top.jpg 
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Figure 59: Results of a surface profilometry scan of the of an outer wall of the hexagon 

structure.  
The key results of (a) area 1 (b) area 2 are displayed.  
Profile.doc 
 
Wall cracking 

When visually observed, approximately 1 out of 3 outer walls showed cracking along the 

growth direction with lengths of the cracks of up to 1.5 cm and typically ≤ 3 cracks per wall. 

It was not possible to determine if all cracks occurred during processing, on cooling or 

during removing of the part from the base plate. However, cracks could be observed on the 

configuration still attached to the substrate as shown in Figure 56c on page 88. SEM  

(Figure 60a) performed on cross sections of the configuration revealed that probably 

intergranular cracking, with a particular crack surface was apparent. The crack surface is 

shown in Figure 60b,c which also unveiled that there were O, Al and Y-rich inclusions in the 

crack surface, which might act as weak points. Such cracks are detrimental on mechanical 

performance and further work will concentrate on means to avoid such build defects.  

 
Figure 60: SEM-SE images of a typical crack observed in an outer wall of the hexagon 

structure.  
The images show (a) the crack in cross section of an etched sample to reveal the microstructure, (b) 
the fracture surface in low and in (c) high magnification. "*" indicates O, Al and Y-rich inclusions.  
Crack.jpg  
 
 



4.4 Phase identification and grain morphology 

- 91 - 

4.4 Phase identification and grain morphology 
4.4 
Phase identification and grain morphology 

Phase identification using XRD and ND 

Both XRD and ND were conducted on a sample taken from an outer wall, where the surface 

roughness together with particles attached to it was removed by conventional grinding. As 

displayed in Figure 61 (XRD) and in Figure 62 (ND), the experiments revealed only the 

presence of α-Fe, which is the major phase of conventionally processed PM2000[358], but no 

secondary phases were detected. Two additional minor peaks, slightly above the noise level 

and a peak present at 2-theta = ~22° in the XRD analysis were probably caused by the test 

equipment and not by the specimen itself as they were not present in a ND spectra from the 

same sample configuration. V, which was detected in the ND experiment is the material of 

the can used as a sample container during the experiment and does obviously not arise from 

the specimen investigated.  

 
Figure 61: Results of an XRD scan of an as-grown sample where the surface roughness and 

particles attached on it were removed by conventional grinding.  
The diagrams show the presence of α-Fe and are viewed for an intensity of (a) 0 to 2000 cps and (b) 0 
to 300 cps.  
XRD_1.jpg 
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Figure 62: Results of a ND scan of an as-grown sample where the surface roughness and 

particles attached on it were removed by conventional grinding.   
Part (a) is displayed for an intensity from 0 to 12 and (b) for an intensity from 0.15 to 0.45.  
 
 
Grain morphology and build integrity  

When viewed from the top (top region of the build), the grain structure of the build appeared 

to be crescent shaped as shown in Figure 63. Some inclusions or gas pores were also present 

with diameters < ~50 µm as marked in the figure. Both types of features were observed for 

other thin walled SLM-PM2000 builds presented in this work and will be discussed in detail 

in Chapter 5.  

In order to change mechanical properties further, methods to modify the microstructure of 

the builds were explored. In one experiment a post-build heat treatment was used to 

investigate whether grain structures were stable after SLM, see sub-section 5.5 on page 160. 

It was shown that the elongated grain structures were stable when conducting the standard 

recrystallisation treatment for conventional PM2000 (1380°C/1h). This was not the case for 

grains near the bottom of the build. For example, pieces of the outer .wall were separated and 

annealed for 1 h at 1200°C in laboratory air. Both as-grown and annealed samples were 

examined by SEM using channelling .contrast techniques, which were described before. The 
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Figure 63: An optical image of the top view in cross section of the honeycomb structure 

reveals the presence of globular inclusions and a grain structure that appears to be 
"crescent" shaped when etched.  

 From top.jpg  
grain structure in proximity to the bottom of the heat treated sample (Figure 64d) showed 

modifications from small, more equiaxed shaped grains (< ~40 µm), to a preferentially 

elongated morphology, similar to the appearance of the area near the top of the as-grown 

state (Figure 64a). The top zone (Figure 64b) appeared to remain unchanged.  

4.5 Analysis of particles on the wall surface and of inclusions  
Analysis of particles on the wall surface and of inclusions 
4.5 

EDX on segregations and on inclusions 

When viewed by SEM in secondary electron mode, the plan view of the wall surface in a 

non-etched condition (Figure 58a on page 89) showed independent brightly appearing 

features, which was probably caused by charging effects. The same region was investigated 

by EDX and by applying backscattered electron imaging (Figure 65a). The structures were 

found to be rich in O, Y and Al, while the ratio of Y/Al varied so that they were occasionally 

Y-free. The content of O in the structures did not differ significantly from ~60 at.%. The 

structures were relatively homogeneously distributed and the majority of compounds was in 

the size range of ~60 ±20 µm. When viewed in cross section from the side (Figure 65b), the 

features were found to be independent nodules or inclusions (marked with arrows), rich in 

the same elements. These structures were typical for the SLM-PM2000 builds in this work 

and will be discussed in more detail in Chapter 5.  

XRD study 

In order to reveal possible phases of the structures on the surface, an XRD scan of the side of 

the wall (in the orientation displayed in Figure 65a) in the as-grown condition was 

conducted. Figure 66 shows that the experiment revealed in addition to α-Fe only minor 
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Figure 64: SEM channeling contrast images of an outer wall of the honeycomb structure.  

The images show (a) the top zone of the as-grown condition, (b) the top zone of the annealed 
condition, (c) the bottom zone of the as-grown condition and (d) the bottom zone of the annealed 
condition.  
 
 

 
Figure 65: Investigation of O, Al and Y-rich particles on the surface and as inclusions.  

The images show (a) a SEM-BSE image (compositional contrast) of the surface of an outer wall, (b) a 
SEM-SE image of the wall in cross section, viewed from the side and (c,d) the corresponding EDX Al-
Kα1 and Y-Lα1 maps.  
 
 
peaks (marked with arrows), which were slightly above the noise level and could not be 

identified.  
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Figure 66: Results of an XRD scan of a sample in the as-grown condition.  

The diagrams show only the presence of α-Fe and are viewed for an intensity of (a) 0 to 9000 cps and 
(b) 0 to 300 cps. 
xxx 
 
Quantitative analysis 

O, Al and Y-rich features on the surface and as inclusions showed different concentrations of 

Al and Y. Y, however, is required to form strengthening dispersoids. In order to quantify the 

volume fractions of such features vs. the alloy and to work out the approximate loss of Y of 

the amount originally included in as-MA powder prior to deposition, the samples were 

conventionally mounted and ground with a 4000 grit finish in an orientation illustrated in 

Figure 67. Polishing with alumina or colloidical silica was avoided in order not to affect the 

analysis due to potential contamination, especially since the Si-Kα spectrum lines overlap 

with Y-Lα. 1 mm of the cross section of the wall in the top region and close to the bottom 

were the subject of this study.  

The dimensions and the area of the surface nodules and inclusions were determined using 

software[357] and were analysed for their chemical composition using SEM. This was 

accomplished using EDX area scans over the feature with a distance of >1 µm from the 
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Figure 67: Illustration of the specimen orientation for mounting for a quantitative analysis of 

O, Al and Y-rich nodules and inclusions.  
View.jpg 
surrounding phase or mounting resin to avoid unwanted signals. Indications of spallation of 

the particles sitting on the surface, which would negatively affect the analysis, such as 

particles having sharp edges, were not observed. _493  

The total area of particles compared to the metallic material of the area investigated was 

0.69% for the top and 0.60% for the bottom region. The content of O of the surface particles 

and inclusions observed was found to be ~ 60 at.%, while the ratios of Al/Y varied strongly. 

However, O could not be used for the analysis as this element was a major ingredient of the 

mounting resin and, thus, the detected content of this element was often higher. 

Consequently, the Al/Y ratio was used in calculations in this study and the level of O was 

presumed to be 60 at.%, which could be confirmed by EDX point scans in the inner regions 

of the particles. The presence of one type of Al-Y-O could be excluded as the average 

concentration of Al was too high for this. Possible fractions of combinations of phases 

included in the Al2O3-Y2O3 phase diagram (Figure 7 on page 16) were considered to 

determine possible configurations, which exclude non-equilibrium structures. Those are: 

alumina (Al2O3), yttria (Y2O3), YAM (Y 4Al 2O9), YAP/YAH (YAlO 3) and YAG/YAT 

(Y3Al 5O12). During the progress of this work, however, the crystal structure of the surface 

particles was not investigated further. All of the compounds include 60 at.% O and, 

therefore, if for the structures investigated an O level of 60 at.% is presumed in a simple 

proportional calculation, the total average fractions were determined as 60.0(at.%)O - 29.9Al 

- 10.1Y for particles in the top region and 60.0(at.%)O - 31.4Al - 8.6Y for particles and 

inclusions close to the bottom of the build. It should be noted that also the individual size of 

the features was taken into account in the calculation. Based on these values together with 

the alloy composition of PM200014 prior MA the fraction of alloying elements that form the 

surface nodules and inclusions observed can be mathematically determined using the rule of 

proportion. For the areas of the investigation, the percentage of elements that segregate into 
                                                           
14 PM2000: 74.7(wt.%)Fe-19.0Cr-5.5Al-0.3Ti-0.5Y2O3 = 74.7(wt.%)Fe-19.0Cr-5.5Al-0.3Ti-0.382Y-

0.118O = 69.494(at.%)Fe-18.9847Cr-10.590Al-0.326Ti-0.223Y-0.382O. The calculations show 
good agreement with numbers stated for PM2000 in wt.% and at.% by Capdevila et al., 2008 [358].  
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surface particles and inclusions are shown in Table 14. Interestingly, the content of O 

determined for the top region is above 100 at.% suggesting that at least a part of this element 

arises not from its original content in the alloy prior MA. Details on this will be discussed 

later. 358_230   

Table 14: Results of element fractions originally included in the alloy prior MA, present in 
surface nodules and inclusions of two zones investigated on the build. All dimensions are 

displayed in at.%.  
 Al O Y 

Top 1.9 108.3 33.0 

Bottom 1.7 93.9 25.3 
 

4.6 Studies on dispersoids included in outer walls of the as-
grown condition 

4.6 
Studies on dispersoids included in outer walls of the as-grown condition 

4.6.1 Initial work on a TEM thin foil sample (in non-HRTEM conditions) 

Of profound interest is the retention of a fine dispersion of ODS particles in the builds, 

which could be confirmed when studying a TEM thin foil sample as seen in Figure 68a. The 

sample was prepared as was described in Chapter 3 from the approximate centre of the wall 

thickness with a distance >2 mm from the wall top. However, as will be shown later in a 

SEM study (sub-section 4.6.5 on page 106) there are probably no variations in the size and  

number density of dispersoids when moving through the wall thickness. Agglomerations of 

particles or areas having preferential sizes of dispersoids as well as variations between 
  

 
Figure 68: TEM-BF images of a thin foil sample taken from the as-grown wall.  

The nanographs show finely dispersed particles in (a) low magnification and (b) the interaction of 
dislocations with dispersoids at a higher magnification in a tilt orientation resulting in a strong diffraction 
contrast of dislocations.  
aaa AR_TEM_low mag.jpg 
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different grains were not observed in this TEM work. Grain boundaries appeared not to be 

preferred nucleation/growth sites. Images taken at a higher magnification in certain tilt 

orientations (Figure 68b) showed a low level of dislocations (compared to cold worked 

material), which interacted with particulates.  

The diagram of the relative frequency of dispersoid diameters of this configuration compared 

to conventionally processed recrystallized (1380°C / 1h) PM2000 (reference material) is 

displayed in Figure 69. The analysis of the precipitate sizes was conducted in tilting 

orientations resulting in a weak diffraction contrast of dislocations on a series of nanographs 

in high magnification. The size distribution for the present material is similar to the reference 

material. The main peak of the SLM material is between 25 and 30 nm, which is ~5 nm finer 

than conventional PM2000. However, due to dislocations and contrast issues, only particles 

larger than 10 nm could be clearly detected and are included in the diagram. Particles 

between the resolution limit up to 10 nm were only rarely observed during microscopy.  

 

 
Figure 69: The diagram of the relative frequency of dispersoid diameters in the as-grown 

condition of a thin foil sample .  
The diagram is compared with conventionally processed recrystallized PM2000. For the SLM build, 
only particulates > 10 nm are displayed. Precipitates < 10 nm in diameter were present in a very low 
number.  
 

4.6.2 Studies on extracted particles on carbon film  

In order to avoid effects of the matrix (EDX signals and magnetic effects in the TEM), 

dispersoids were extracted from outer walls of the as-grown condition. It was shown by 

Mukherjee (1968)[359] that extracted particles may not fully represent the situation of 

particles included a matrix. However, as shown later (Figure 90, p. 114), the particle size 

distribution from both extracted particles and those observed in a thin foil sample were very 

similar to each other.  

 
Elemental composition of particles 

A series of TEM-EDX spectra were taken in the centre of randomly chosen dispersoids using  
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a fully condensed electron beam. The data were collected from particles extracted from the 

top region and close to the bottom of the build and the results are displayed in Figure 70 and 

in Appendix 3, respectively. No significant difference in the data acquired from both zones 

was apparent. The experiment revealed that the dispersoids contained considerable levels of 

Ti, Fe and Cr which increased with a decrease in particle diameter. There was also a great 

variation in the levels of Y and Al and only larger particles (> ~80 nm) showed a low level 

of Ti, Fe and Cr and an Al/Y ratio which is similar to those of YAH/YAP/YAP' and YAM, 

while a strong size/type relationship was not observed. C, Si and S were not analysed as they 

 
Figure 70: Diagrams of the elemental composition of 17 extracted dispersoids of the   

as-grown condition (top zone) .  
The diagrams are plotted against the measured particle size (displayed as Al+Ti+Fe+Cr+Y=100at.% ). 
The diagrams include (a) particles smaller than 40 nm and (b) particles larger than 40 nm.  
 
are trace elements in the extraction film. EDX signals of particles smaller than ~22 nm in 

diameter were found to be weak and were strongly affected by noise.  

 
HRTEM on particles 

As mentioned previously, particulates appeared to be virtually unaffected by the extraction  
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procedure and a multiphase morphology of dispersoids could be confirmed. Figure 71 shows 

a typical precipitate in two different focal positions and areas that appear to be amorphous or 

below the limit of resolution (marked with arrows) of the JEOL 3010 TEM used. In the 

present particle, the ratio Al/Ti/Cr/Fe/Y was 30.4/11.3/7.6/9.3/41.5 at.% and sometimes it 

appeared that Si was also present in some other particles. The observation suggested the 

presence of several phases having perhaps different elemental concentration depending on 

the location in the particle, which will be studied in the subsequent section using APT. An 

increase in particle size resulted in a decrease in the number of regions in the particles 

having a different morphology, as will be shown later in sub-section 4.6.4 on page 105.  

 
Figure 71: TEM and EDX of a small extracted particle before  a heat treatment.  

Parts (a, b) show the dispersoid in different focal conditions  revealing areas with varying lattice 
structures and areas that appear to be amorphous or below the resolution limit of the microscope. In 
(c), the corresponding EDX spectra confirms the presence of O, Al, Ti, Cr, Fe, Y in the particle.  
TEM extr_particles prior to annealing       D5 #9     

4.6.3 Atom probe tomography experiment 

APT was conducted on three specimens taken from the outer wall of the as-grown condition 

and only one particulate was detected. The object was located near the boundary of the 

volume investigated and was partly affected by the sample preparation process in a way that 

only a section (~ 15 nm in size) was present in the sample. As displayed in Figure 72, a 

number of elements and ions were detected forming the dispersoid, which was fully covered 

in TiO. However, these data need to be treated with care since such elemental data can be 

affected by the factors described in sub-section 3.7 on page 75. The mass spectrum of the 
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Figure 72: Atom maps show the presence of a number of elements in an approximately  

15 nm sized section of a dispersoid. aaa 
  
analysis is displayed in Appendix 4 and shows a high complexity and peak overlaps might 

possibly affect accurate detection of ions. Consequently, results of this experiment should be 

considered as a preliminary study only.  
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As illustrated in Figure 73, based on this observation, the particle was outlined by an iso-

concentration surface, where the particle/matrix interface reached the content of 0.8 at.% of 

detected TiO. This facilitated the removal of the surrounding matrix and virtually isolated 

the object in the IVAS software enabling further studies on elemental concentrations. The 

marked viewing directions Z (from the top) and Y (into the material, as viewed) will be used 

in Figure 76 and in Figure 77.  

 
Figure 73: Illustration of the 0.8 at.% TiO iso-concentration surface defining the outline of the 

particle.  
 
Based on this procedure, elemental proximity histograms (as described before on page 76), 

displayed in Figure 74, were calculated, suggesting the presence of a number of elements, 

which are C, O, Al, traces of Si, Ti, Cr, traces of Mn, Fe, Co and Y, while Mo was very close 

to the noise level. A core/shell structure of the dispersoids as was described for some other 

ODS materials[32,88,91] could not be observed.  

Average data of the proximity histograms from the matrix (distance -5 to -1 nm in Figure 74) 

and within the particle (distance 1 to 4 nm) were used to determine the rate of gain/depletion 

in the major elements of the particle versus the matrix. It should be noted that the data used 

may be strongly affected by noise and by statistical errors as indicated by the error bars in 

the previous figure. The results are illustrated in Figure 75 and suggest a strong enrichment 

in C, O, Ti, Co, Y and Mo. The rate of enrichment is probably lower for Al and Si while Cr, 

Mn and Fe are depleted in the dispersoid section compared to the matrix.  

Figure 76 illustrates the location of detected ions within the particle in two different viewing 

directions which are defined in Figure 73 on page 102. The results suggest that ions are 

present within the particle in clusters with enrichment in the centre in C, Si, elemental Ti, 

and FeO2. The ions CrO and FeO appear to form a local cluster as is the case for CrO2, Y and 

YO. The whole particle appears to be covered in O, Al, AlO, TiO, TiO2, Cr and Co. 

However, more analysis would be necessary to study peak overlaps in the mass spectrum and 

to confidentially confirm ions and atoms detected.  
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Figure 74: Elemental proximity histogram of the particle outlined by a 0.8 at.% TiO iso-
concentration surface.  

The data are displayed for a range of the elemental concentration of 0 - 60 at.% and for 0 - 10 at.%. 
The images show data for (a) the elements C, O, Al, Si, Ti, Cr and (b) for Mn, Fe, Co, Y and Mo.  
xxx APT_Proxi_Elements.jpg   
 
 

 
Figure 75: The determined rate of gain/depletion of elements of the particle compared to the 
matrix when considering the elemental concentration in the matrix vs. the particle defined.  

xxx APT_gain_depletion_2.jpg 
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Figure 76: Illustration of the location of individual ions detected in a virtually isolated particle.  
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Figure 77: The previous figure continued.  

 
 

4.6.4 Studies on a TEM thin foil sample using EDX and HRTEM 

TEM-EDX 

Similar to the findings determined by APT, TEM-EDX conducted on multiphase particles in 

thin-foil samples and of extracted particles confirmed the presence of regions with varying 

contents of elements. Figure 78 shows such an example of a particle sitting at the edge of the 

electron transparent region of a thin foil sample. The concentration of Ti relative to Y 

(marked by arrows in red) varied in different regions of the dispersoid, while Al remained at 

a stable level. Also additional Si could be detected in this region, which, however, exhibited 

a near peak overlap of Si-K with Y-L spectral lines.  

 
HRTEM of small dispersoids 

HRTEM was conducted on several small particles. A typical dispersoid with a diameter of 

~15 nm is shown in Figure 79. Several regions with different diffraction contrasts and lattice 

orientations were present in the dispersoids observed, which also showed Moiré fringes in 

different orientations. The main spots of the corresponding FFT pattern, which are marked in 

Figure 80a, could be assigned to an α-Fe matrix oriented along a [111] zone axis as shown in 

the simulation in Figure 80b. Several additional superimposed patterns confirm the multi-

phase nature of the particle. 
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Figure 78: The key result of a TEM-EDX study on a multi-phased dispersoid. 

Displayed are the TEM-BF image of a small dispersoid in (a) low magnification and (b) lattice resolution 
revealing a multiphase morphology. (c, d) EDX detected different levels of Ti depending on the region 
investigated.  
yyy 
 
HRTEM of larger dispersoids 

An increase in dispersoid diameter resulted in an increase in globularity of the particles and a 

decrease of the number of included phases. A typical larger dispersoid of a thin-foil sample 

is displayed in Figure 81. The example shows a dispersoid embedded in an α-Fe matrix 

oriented along a [100] zone axis (Figure 82). 

 

4.6.5 FEG-SEM study of the wall top 

The upper top layer of the SLM structure represents the zone with least heat input during 

SLM processing of the honeycomb structure and the material deeper in the consolidated 

material experienced an increased number of repeated heating cycles during processing. 

Consequently, this region is interesting in order to study precipitate evolution. It should be 

noted at this stage again, that walls of the honeycomb build were fabricated with four 

parallel laser scans per deposit slice and, thus, the upper top surface was subject to several 

heating cycles and does not represent the as-deposit condition. In the later progress of this 
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Figure 79: A TEM-BF image of a small dispersoid. 

yyy TEM_thin foil _coherent particle.jpg   No. 10 
 

 
Figure 80: FFT analysis of the image displayed in Figure 79.  

The images show (a) the corresponding FFT image and (b) the simulated EBD pattern of α-Fe oriented 
along a [111] zone axis, which is marked in the FFT pattern.  
yyy TEM_thin foil _coherent particle_FFT.jpg       
work, a similar study will be conducted on a build fabricated with one laser scan per deposit 

layer (later called SLM wall 1), which offers the possibility to study the as-deposited layer 

without additional successive annealing due to the deposition of parallel hatch lines. For this 
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Figure 81: HRTEM on a larger dispersoid. 

yyy TEM_thin foil _incoherent  No 3 
 

 
Figure 82: FFT analysis of the image displayed in Figure 81.  

The images show (a) the corresponding FFT image and (b) the simulated EBD pattern of α-Fe 
orientated along a [100] zone axis, which is marked in the FFT pattern.  
yyy  
current study, a sample was metallographically prepared in the orientation shown in  

Figure 67 on page 96 with a 4000 grit finish and slightly etched in a 10 vol.% HCl in 

methanol solution in an US bath with the surface facing downwards in order to minimise re-
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deposition of particulates on the sample surface. This was followed by a 10 min treatment in 

ethanol in an US bath in order to fully remove re-deposited dispersoids. Investigation of such 

samples by FEG-SEM is subject to limitations as particles might re-deposit or there can be 

preferential etching effects or deposition of corrosion products. Consequently, the analysis 

can only be considered as a preliminary suggestion and other methods, for instance TEM, are 

required in future work to verify the findings.  

It was found that the diameter and the number of particles per unit surface area varied 

depending on the location in the build and the micrographs displayed in Figure 83 were  
  

 
Figure 83: The key results of a FEG-SEM study of an etched sample of the as-grown 

condition in proximity to the top of the build.  
The study revealed an increase in the number of particles and in their size when moving from top of the 
build deeper into the material.  
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analysed in order to investigate the situation further resulting in the diagrams displayed in 

Figure 84. In proximity of the top surface, the size, volume fraction and number of 

precipitates in a size large enough to be observed by the instrument used was typically very 

low (Figure 83a). Due to the deposition of several parallel hatch lines per deposit layer to 

fabricate the wall thickness there were regions which underwent an increased number of 

heating cycles, which might explain (as will be discussed later) the occurrence of larger 

dispersoids in a higher number density in the region close to the wall top (Figure 83b). With 

increasing distance from the wall top, the number density and size of particles increased as, 

for instance, displayed for a distance of 75 µm from the wall top (Figure 83c). After a 

distance from the wall top of ~300 µm (Figure 83d) no further significant changes could be 

observed as, for instance, at 1000 µm (Figure 83e). An EDX scan of larger dispersoids 

detected the presence of Y as shown, for instance, in Figure 83f. Other elements besides Y 

are difficult to examine as they are included in the matrix or only slightly above the noise 

level (Ti). In this study, no significant variations in dispersoid size and number density could 

be observed between grains or between the centre or outer regions of the configuration 

having the same distance from the wall top.  

 
Figure 84: Results of image analyses of SEM nanographs exhibiting ODS particles.  

Part (a) shows the average diameters and (b) displays the number of particles per 100 nm² surface 
area. 

4.7 Studies on dispersoids included in annealed outer walls 
Studies on dispersoids included in annealed outer walls 
4.7 

It was found that annealing (1200°C/1h) of outer walls of the hexagon structure changed the 

morphology, elemental composition and size distribution of dispersoids and this annealed 

condition is the focus in the next sections.  

 

4.7.1 Preliminary work on an etched sample and on a TEM thin foil 
sample after the heat treatment 

A sample prepared after the method introduced in sub-section 4.6.5 was subject of a similar 

FEG-SEM study. The key result was that there were precipitates in a similar size, 
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morphology and number per unit surface area in both the region in proximity to the wall top 

(Figure 85a) and in deeper zones, for instance, with a distance of 1000 µm from top of the 

build (Figure 85b). Both micrographs were analysed as before and suggest that the average 

diameter decreased (Figure 86a) compared to the region >300 µm to the top surface of as-

grown samples (Figure 84a). The diagram (Figure 86) also exhibits a lower number of 

precipitates (Figure 86b) compared to the same sample (Figure 84b), which, however, can be 

simply attributed to the conditions during sample preparation.  

 
Figure 85: The key results of a FEG-SEM study of an etched sample of the annealed 

(1200°C, 1h) condition.  
The images show (a) the dispersoids in proximity to the wall top and (b) with a distance of 1000 µm to 
the wall top.  
FEG-SEM_1200.jpg 
 

 
Figure 86: Results of image analyses of SEM nanographs exhibiting ODS particles. 

Part (a) shows the average diameters and (b) displays the number of particles per 100 nm² surface 
area. 
 
An interesting observation of this study was that there were often regions around the 

nanoparticles which etched in a different way, as marked in Figure 87. It should be noted 

that this was not observed on particles in the as-grown condition. Such zones might indicate 

diffusion zones of certain elements from the particle into the matrix or vice versa during the 

heat treatment, which has altered the chemical composition of the matrix in such zones and 

consequently the etching response. The observation will help later to develop an explanation 
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of observations obtained in this section. EDX line scans were also attempted through the 

features, but nothing of significance was obtained from these very small regions.  

 
Figure 87: A SEM-SE image of nanoparticles of an etched annealed sample in high 

magnification.  
FEG-SEM_1200_2.jpg 
Similar to observations in the TEM samples of the as-grown condition, homogenously 

distributed particles were present in the annealed case as shown in Figure 88. Smaller 

particles, however, appeared to be more globular shaped in the present material compared to 

the as-grown state. Occasionally, facetted or oval particles were apparent, which were Ti-

rich and will be subject of sub-section 4.7.3.  

 
Figure 88: TEM-BF images of a thin foil sample taken from a sample annealed at 1200°C 

for 1h  show finely dispersed particles in (a) low magnification and (b) at a higher 
magnification.  

TEM_thin_foil_low mag_HT.jpg 
 
When conducting a study on the relative size distribution of precipitates, only particles  

>10 nm15 were considered due to the diffraction contrast of dislocations and the matrix 

                                                           
15 As mentioned in section 3.6.9, 200+ particles per group have been analysed diagrams in this work 

displaying size distributions of precipitates.  
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leading to problems in accurately analysing smaller species. As displayed in Figure 89, the 

number density of dispersoids in the analysed range was at its maximum between a diameter 

of 10 and 15 nm and a secondary peak was present between 20 and 25 nm. Compared to the 

situation before the heat treatment, as will be discussed at a later stage, it appeared that new 

fine (<15 nm) precipitates formed during annealing, and particles present in the as-grown 

condition coarsened during this heat treatment. Compared to conventionally processed 

PM2000 annealed material, the size distribution of the annealed state was significantly finer. 

Particles were also present below 10 nm and were analysed in terms of size distribution after 

extracting those on amorphous C film (Figure 90 on page 114). The distribution of the 

individual diameter of the particles appeared to be random.  

 
Figure 89: The diagram of the relative frequency of dispersoids diameters in the as-grown 

and annealed condition of thin foil samples .  
The data are compared with conventionally processed recrystallized PM2000. Only particles > 10 nm 
are displayed. 
 
 

4.7.2 TEM of extracted particles 

Dispersoids of the honeycomb structure were extracted on amorphous C films for further 

investigation.  

 
Size distribution 

Using TEM-BF images of extracted dispersoids at high magnification facilitated a size 

analysis of particles down to diameters of ~1 nm. The resulting diagram of the size 

distribution is displayed in Figure 90. It appeared that the extraction process resulted in 

preferential picking-up of smaller particles, provided that the dispersoid size distributions in 

both regions investigated (Figure 89 / Figure 90) were exactly the same. Alternatively some 

of the small particles (<10 nm) in the foils may be overlooked because of diffraction contrast 

effects or the presence of dislocations. Hence care is needed for interpreting these trials. 

However, the present investigation suggested that there was a relatively high number of 

particulates in the range 5 to 10 nm, but only a minor fraction below 5 nm.  
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Figure 90: The diagram of the relative frequency of dispersoids diameters of particulates 

extracted from an annealed sample .  
The data are compared with conventionally processed recrystallized PM2000.  
TEM_thin foil diagram_HT_extracted.tif 
 
TEM-EDX study 

As illustrated in Figure 91, the investigation of the elemental composition of randomly 

chosen extracted precipitates revealed two main groups of dispersoids – which fit well to the 

type yttrium aluminium monoclinic (YAM, Y4Al 2O9) having a ratio of 66 at.% Y / 33 Al or a 

ratio of 50 at.% Y / 50 Al on the other hand fitting to yttrium aluminium hexagonal (YAH, 

YAlO 3), perovskite (YAP, YAlO3) or perovskite prime (YAP', YAlO3). Sub-section 4.7.4 

concentrates on the assignment of these phases. Dispersoids below ~ 22 nm in diameter 

appeared to be mainly of the type 66 at.% Y / 33 Al (~ ±4 at.%), which indicates a YAM 

crystal structure. Above this value, the two classes can be found through out the diameter 

range suggesting no strong size-type composition relationship. Occasionally, particles did 

not fit to either group (Figure 91, Ref. 1), which can be explained by mixed Al-Y oxide types 

having different Al/Y ratios, as will be shown later. The transition into a Al-Y oxide appear 

not to be fully complete in one particle, as significant concentrations of Al, Ti, Fe and Y 

could be observed, which is marked with Ref. 2 in Figure 91. This extreme case, however, 

was only observed once and the particle could also be a contamination from another 

extraction replica from the as-grown condition. The results from smaller particles were 

obviously affected by noise of the analysis. Occasionally, traces of elements (Ti, Cr, Fe) 

rather than Y and Al could be observed as, for instance, in the dispersoid marked with Ref. 3 

in Figure 91.  

 
Single phase particles 

Dispersoids extracted after the heat treatment consisted predominantly of one single phase 

and were globular shaped as shown in HRTEM nanographs in Figure 92 for small (~5 nm) 

and large (~60 nm) particles oriented close to a zone axis of the particles. The corresponding 

FFT patterns are also displayed, and confirm the presence of only one phase, and will be 

used at a later stage to assign Y-containing dispersoids known Y-Al-O.  
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Figure 91: Diagram of the elemental composition of 31 carbon extracted dispersoids  after 

a heat treatment for 1h at 1200°C  against the measured particle size.  
The data are displayed as Al+Ti+Cr+Y=100at.% . The diagrams include (a) particles smaller than  
40 nm and (b) particles larger than 40 nm. 
yyy top position 
 

 
Figure 92: HRTEM micrographs of extracted dispersoids oriented along a zone axis show 
the presence of one single diffracting phase for (a) small and (b) larger sized precipitates.  

yyy TEM_extr_after annealing.jpg 
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Particles having more than one phase   

1 in ~35 extracted particulates consisted of more than one phase, typically two phases, while 

a globular shape was in most cases retained. One example of such a particle is displayed in 

Figure 93a. In this micrograph, regions were also apparent with a stronger diffraction 

contrast, which might be associated with a lattice defect or with an additional phase. The 

qualitative EDX analysis (Figure 93b) of the whole particle revealed the presence of O, Al, 

Y and perhaps Si. The presence of Si, however, is difficult to determine due to near-peak 

overlaps of Si-K with Y-L and the presence of this element in the C-film. Nevertheless Si 

could also be confirmed in particles of a thin-foil sample as was shown previously  

(Figure 78, page 106).  

 
Figure 93: TEM of an extracted dispersoid containing more than one phases.  

The images show (a) the TEM-BF image and (b) the corresponding EDX pattern of the whole particle.  
Double_part 
 

4.7.3 Studies on C and Ti-rich particles 

Besides Y containing dispersoids, ~1 out of 50 particles (> ~15 nm) were found to be 

facetted or oval rather than globular. Smaller (< ~15 nm) particles of this type might have 

been present, but could not be observed due to contrast issues with the C-film. Unlike the 

typical globular particulates, such structures included significant amounts of C and Ti, but no 

Al or Y. Their size ranged from ~ 5 nm up to 300 nm, with the majority of particles in the 

size range of Y-containing particles. Figure 94a,b shows those particles extracted on 

amorphous C-film. Often, Al-Y oxide dispersoids appeared to be connected with such C and 

Ti-rich structures as shown in Figure 94c,d in bright field mode and in dark field (diffraction 

contrast), respectively.  

Phase identification 

A large particle of this type (Figure 95a) was chosen for an analysis of the elemental 

composition and for phase assignment. Due to the large volume of the particle it was  
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Figure 94: Ti and C-rich particles extracted on amorphous C film.  

The images show (a,b,c) TEM-BF images of several of such species, while often such were connected 
with Al and Y-rich dispersoids having (d) a different diffraction contrast as shown in a TEM dark field 
(diffraction contrast) image.  
TEM_extr_particles_several Ti    B, C, D 
 
believed that the effect of the C-film to the quantitative EDX results is minor. The results of 

this EDX scan (Figure 95b) are summarised in Table 15.  

Table 15: Elemental composition of an Ti-rich particle observed  
(displayed as C+N+O+Ti+Cr=100at.%).  
C N O Ti Cr 

52 at.% 0 at.% 6 at.% 42 at.% 0 at.% 
 
Since O is a known trace element of the amorphous C-foil, the analysis suggested a C/Ti 

ratio of 50/50 at.%, which corresponds to TiC. TiC has a simple cubic lattice cell with  

a = 4.35 Å. Two EBD pattern oriented along two different zone axes were recorded on the 

same photographic plate using the same camera length of 100 cm due to an error. As 
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Figure 95: Illustration of the assignment of a Ti-rich particle to TiC.  

The images show (a) the TEM-BF image of the structure, (b) the corresponding EDX spectra, (c,d) the 
EBD pattern recorded in two orientations and (e,f) the simulated EBD pattern for the orientations 
determined.  
aaa TEM_extr_particles_Ti EBD 
displayed in Figure 95c,d, it was possible to separate them from each other and to determine 

lattice constants after Equation 24 (page 73). Using values of the goniometer readout 

(displayed under Figure 95c,d), the tilt angle between the two pattern according to Equation 

15 (page 67) yielded a relative angle of 18.8°. This situation could be assigned to the 

orientation of a TiC compound along a [010] and a [130] zone axis after tilt (Figure 95e,f).  
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Observations on an O,Al,Y-rich particle connected to a Ti-containing compound 

Figure 96a-d shows a typical Ti-rich compound connected with a O, Al and Y-rich particle at 

different magnifications. A strong coherency relationship during both compounds was not 

observed when comparing FFT images of both compounds.  

For TiC, the calculated d-spacings for (103) and (013) lattice planes were 1.376 Å with an 

angle between them of 25.84°, which is in good agreement with the experimentally 

determined values (Figure 96c) of d(103) = 1.38 Å, d(013) = 1.39Å and an angle between both 

of 25.0°. Consequently, the FFT pattern of the HRTEM bright field image of the Ti-rich 

particle could be assigned to a [133 ] zone axis of TiC.  

EDX analysis on the O, Al and Y-rich particle revealed a Al/Y ratio of 48/52 at.% with trace 

elements from the C-film such as Si and S. The FFT pattern of the HRTEM image of the 

particle (Figure 96d,e) could be assigned to a YAH crystal structure when compared with the 

other possible Y-Al-O displayed in Table 5 on page 16. As shown in Table 16, the lattice 

parameters determined together with the angle between them could be assigned to (101 ), 

( 200 ) and ( 400 ) planes oriented along a [100] zone axis. The measured value of 70.1° 

between these planes was in good agreement with the calculated value of 73.15°  

(Figure 96d). 

 
Figure 96: TEM studies on a Ti-rich particle connected with a Al-Y oxide precipitate. 

Parts (a-c) show TEM-BF images of a Ti-rich particle oriented along an assigned ]133[ zone axis of 
TiC. Parts (d-f) illustrate how the attached Al-Y oxide could be assigned to YAH orientated along a 
[100] zone axis. aaa 
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Table 16: Summary of d-spacing values for the compound assigned as YAH,  
displayed in Figure 96d,e.  

 )101(  )200(  )400(  

d measured [Å] 3.12 5.34 2.71 

d calculated [Å] 3.05 5.26 2.63 
 
 

4.7.4 Study on the nature of single phase Al-Y oxide dispersoids 

The individual phases of 20 randomly chosen (probably single phased) extracted dispersoids 

were analysed in terms of their crystallographic structure after the method applied previously 

using calculated FFT patterns from HRTEM images of extracted dispersoids. One benefit of 

this method was the reduction of the effect of drift in the TEM JEOL JSM-3010 used as 

HRTEM images can be recorded in <1 s, which is much decreased compared to EBD 

patterns, which are typically recorded on photographic plates for up to several minutes. The 

method used also allowed the investigation very small particles which are difficult to record 

using EBD or convergent beam diffraction (CBD). Accurate determination of the elemental 

composition by EDX is also facilitated on extracted particles. The key crystallographic data 

determined for the individual 20 particles are presented in Appendix 5. Later on in this sub-

section it will be shown that 12 particles having a Al/Y ratio16 of  

33/67 ±4 at.% could be assigned to a YAM crystal structure, while 8 dispersoids with a Al/Y 

ratio of 50/50 ±4 at.% could not be assigned to any of the known Al-Y-O structures. Figure 

97 plots the diameters of the individual ODS particles against the assigned phase and as 

indicated previously in Figure 91 on page 115, a strong size/type relationship was not 

apparent between particles assigned as YAM and the unknown phase(s). Relationships 

between precipitates from different metal grains could not be investigated since the particles 

were extracted on C-film, which is a subject requiring further studies.  

 
Figure 97: Diagram of the particle diameter over the assigned phases. A strong size/type 

relationship was not apparent.  
Diagram_phases_2.jpg 
 
Particles assigned to a YAM crystal structure 

EDX analysis conducted on particles having a ratio of 33 at.% Al /67 at.% Y appeared to 

reveal only the additional presence of O. Other elements detected were C, Si and S and the 

concentration of these elements when analysing small particles (Figure 98a) was high, due to 

the ratio between particle diameter and the analysed C-film thickness. As mentioned before, 

                                                           
16 A ratio of Al/Y means that Al+Y=100at.%, wheras a ratio of O/Al/Y means that 

O+Al+Y=100at.%.  
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Si and S are known trace elements of the extraction film. For large particles, as shown in 

Figure 98b, Si and S (relative to Al or Y included in the precipitates) were only detected in 

traces.  

 
Figure 98: EDX on two particles having a Al/Y ratio of ~33/67 at.%.  

The spectrographs show (a) a strong concentration of Si and S relative to Al for a small particle  and 
(b) a significantly decreased ratio of Si and S for a larger particle . The particle diameters were 17 and 
73 nm respectively and they are presented in Appendix 5 on pages 270 and 265.  
YAM_Si.tif     13 28     7 20 
The ratio of Al/Y for all of the 12 precipitates of this type remained on a stable level of  

33/67 ±4 at.% (Figure 99), which is consistent with YAM. O could not be accurately 

determined, but was in any case ~60 at.% for O+Al+Y=100at.%.  

 
Figure 99: Diagram of the elemental composition of 12 carbon extracted dispersoids having 

a Al/Y ratio of ~33/67 at.% after a heat treatment for 1h at 1200°C.  
The data is plotted against the measured particle size (displayed as Al+Y=100at.% ). 
 

The assignment of one typical YAM particle oriented close to a [ 326 ] zone axis is 

illustrated in Figure 100, which was conducted using individual HRTEM images  

(Figure 100a,b) and the corresponding FFT patterns (Figure 100c). The Al/Y ratio of the 

particle was measured as 34/65 at% and no other elements other than O, and film trace 

elements (C, Si, S) were detected. The values of lattice spacings calculated and measured 

(from the FFT pattern) are summarised in Table 17 and the corresponding angles with the 
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( 210 ) plane spot as reference are displayed in Table 18; both show good agreement with 

each other.  

 
Figure 100: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]326[ zone axis . The Al/Y 
ratio of the particle was measured as 37/63 at%. 
3 YAM 
 

Table 17: Characteristic d values.  

 )210(  (130) (032) (064) 

d measured [Å] 4.83 3.00 3.09 1.50 

d calculated [Å] 5.111 3.148 2.930 1.465 
 

Table 18: Characteristic angles.  

Reference: )210(  (130) (032) (064) 

Measured angle [°] 76.0 112.4 111.5 

Calculated angle [°] 79.50 113.80 113.80 
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Precipitates which could not be assigned (referred as unknown phase(s) ) 

All other 8 dispersoids exhibited an Al/Y(-L) ratio of 50/50 ±4 at.% as illustrated for a 

typical representative of such species (Figure 101a), other included elements were O and a 

certain concentration of Si (Figure 101b), significantly above traces of this element in the C-

film. It should be noted at this stage that the Si-Kα1 peak (1.74 keV) partly overlapped with 

a significantly stronger Y-Lα1 peak (1.92 keV). The relative intensities of all Y-L spectral 

lines are displayed in Figure 101b in green colour and confirm that the peak observed at  

1.74 keV is no spectrum peak of Y-L. It will be discussed later that a source of Si in these 

particles might be contamination of the as-MA powder with grit medium (glass beads or 

SiC) during a cleaning procedure of the SLM equipment whereas the trace of Si originally 

included in the as-MA powder is probably too low to explain the observation. The EDX 

analysis of the particle displayed also detected N, which however, was not typical for the 

dispersoids of this type. N in this case might be present in the form of aluminium nitride as 

Al in steels has a strong chemical affinity to N and other strong nitride formers[360] Ti and Cr 

were only detected in low traces in the particle._554  

 
Figure 101: TEM investigation of an unknown dispersoid type with an Al/Y ratio of 48/52 at.% 

oriented along a zone axis.  
The images show (a) a TEM-BF image, (b) the corresponding EDX spectra, (c) a HRRTEM image and 
(d) the corresponding FFT pattern, which exhibits a characteristic hexagonal pattern.  
yyy _2              Unknown_Particle_low_mag.jpg  24/102012 
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Similar to the particles assigned as YAM, EDX on small dispersoids exhibited strong signals 

of S and Si, which was probably attributed to a small particle volume relative to the 

irradiated section of the C-film, which is known to contain traces of S and Si. For much 

larger particles, there was also a strong Si-Kα signal, which suggests the presence of this 

element in the particles. This signal overlapped with the stronger Y-Lα1 peak. However, 

there were fractions of this hidden peak visible (Figure 102) and when comparing the 

relative intensity of those with Al-Kα/Y-L peaks, they remained at a similar level for the 

dispersoids of this type suggesting a similar Si concentration in the individual precipitates. C 

decreased with increasing diameter suggesting absence of this element in the precipitates. 

Probably due to the near-peak overlaps of Si-Kα/Y-L, the software used to post-process 

EDX data (ISIS Suite Revision 3.35 from Oxford Instruments) could not determine the 

concentration of Si relative to Al and/or Y. In order to investigate this further, one attempt 

was made to determine the Al-Kα/Y ratio by using both Y-L and Y-K spectral lines, 

respectively. Due to a known programming error (bug) in the software, however, the Y-K 

spectra could not be used to output quantitative elemental data.  

 
Figure 102: EDX on two particles having a Al/Y ratio of ~50/50 at.%.  

The spectrographs show (a) a strong concentration of Si relative to Y for a small particle  and (b) a 
lower concentration for a larger particle . The particle diameters were 18 and 106 nm respectively and 
they are presented in Appendix 5 on pages 277 and 274.  
U_Si.tif      9 30   4 bbb 
In a standard crystallographic database (ICSD[95]), Y-Si-Al-O compounds have not been 

described, and this was confirmed by a literature study. On the other hand, a Y2SiAlO5N 

compound was described[361,362], which, did however, have significantly different lattice 

parameters than the present dispersoids. _552 _553 

Careful tilting in TEM was conducted on four of these particles in order to orientate them 

along zone axes. In all cases, this resulted in the appearance of a specific hexagonal shaped 

lattice pattern (Figure 101d,c). In the example, the interplanar spacings were in the range of 

10.6 - 11.0 Å and the angle between them was ~60°. Larger lattice spacings of up to 11.6 Å 

(Appendix 5) by retaining the angle of ~60° were also measured. This, however, might be 

associated with an orientation of the dispersoids not exactly on a zone axis or bending of the 
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crystal and smearing of the calculated FFT pattern leading to difficulties in accurate 

measurements as was described by Hovmöller et al. (2011)[322]._406 _177   p.169 

Attempts were also made to assign the present structure to the polymorphs of compounds of 

the systems included in the crystallographic database ICSD[95], N-O-Al-Si-Y, O-Y, O-Al-Y, 

Al-Si-Y, O-Si-Y, C-O-Si-Y, C-Si-Y, C-Al-Y-... bearing in mind that possible core/shell 

structures could lead to displayed lattice structures having a different elemental composition 

than was measured. This study also included the compound YAP', which is rarely described 

in literature and is not included in standard crystallographic databases; a CIF file containing 

all details on the crystal structure was not available. The lattice constants provided for 

YAP'[96], however were significantly different than those of the present particle.  

In order to provide crystallographic data on the unknown compound type and to assign the 

structure and lattice constants in further studies, one dispersoid was orientated in HRTEM 

conditions on three different tilt orientations along zone axis, which are shown in Figure 103 

together with the corresponding FFT images. An attempt was made to assign the FFT 

patterns to a cubic system with the result that this crystal structure can be excluded. 

However, the same procedure for other lattice types requires significantly more data and 

more complex equations and might be conducted in further studies. Spots in the acquired 

FFT diagrams were only labelled with letters, which are individual for each orientation, and 

the measured parameters (the lattice spacings and the relative angles between them) are 

summarised in Table 19 to Table 22.  

 

Table 19: Summary of lattice spacings of the unknown structure measured in different tilt 
orientations, displayed in Figure 103 (all values are in Å). 

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

(1)  5.67 2.82 5.23 3.07 - - - - - - - - - 

(2) 3.29 6.53 3.80 6.42 3.13 3.71 6.64 3.22 3.85 - - - - 

(3) 3.03 4.15 6.40 3.19 4.16 10.98 5.54 3.64 4.06 6.11 4.00 10.57 5.16 
 

Table 20: The previous table continued.  
 (n) (o) (p) (q) (r) (s) (t) 

(3) continued 3.49 4.02 6.16 3.04 4.03 10.86 3.63 
 

Table 21: Summary of measured angles for the unknown structure in different tilt 
orientations, displayed in Figure 103 (all values are in °). 

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) 

(1) ref. 0.0 99.5 152.4 - - - - - - - - 

(2) ref. 0.0 31.4 61.2 61.2 90.2 119.8 119.6 150.0 - - - 

(3) ref. 5.1 17.2 16.7 28.5 48.7 48.6 48.7 68.5 79.9 89.9 109.0 
 

Table 22: The previous table continued.  
 (m) (n) (o) (p) (q) (r) (s) (t) 

(3) continued 106.6 108.2 126.8 137.3 136.9 148.3 168.6 166.7 
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Figure 103: HRTEM micrograph of an unknown dispersoid in three different tilt orientations 
together with the corresponding FFT pattern labelled for the following tables. The particle 

was analysed before (see Figure 101).  
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4.8  Discussion 
4.8 
 Discussion 

 
Wall morphology  

Slight differences in the surface roughness in different regions can be explained by general 

instability in the machine/powder during the grow process of the build, which might also be 

attributed to gas flow. Consequently, this might lead to the situation that the whole build is 

warmer in some regions during processing, leading more powder near to the wall/powder 

bed interface to partly re-melt and attach to the surface of the build.  

Grains in the wall structure were columnar and oriented along the growth direction as are the 

intergranular cracks observed along the growth (Z) direction The latter are probably caused 

by residual stresses caused by the SLM process as was explained previously.  

 
Phase identification and grain morphology  

In the early stages of the build process (close to the bottom zone in the finished build), the 

substrate plate heats up leading to a change in temperature gradient[363]. The presented 

observations suggest that an equilibrium state is reached at a build height of the wall of  

~2 mm, as no further changes in grain structure could be observed. Pre-heating of the 

substrate plate might be means to reduce this effect[278]. This however, was not considered 

since the bottom zone was very narrow and the differences were not significant in terms of 

build integrity and precipitate composition. Columnar grain structures along the growth 

direction were observed on this build. It has been reported that a thermal gradient during 

solidification perpendicular to the melt/solidus interface is responsible for the formation of 

grain structures in this direction, which grow epitaxially on previously formed grains of the 

prior layer in a columnar fashion[243,365]. During this, competitive growth is probably present, 

leading the [001] oriented columnar grains to grow faster since this direction has the highest 

linear growth rate, wedging out grains with other orientations[366]. Results of an EBSD study 

on a SLM build will be presented later, followed by a more detailed discussion. However, 

smaller grain sizes observed in proximity to bottom of the structure is probably associated 

with a higher cooling rate on solidification at the beginning of the SLM growth, as was 

discussed by Zheng et al.[367]. As coarser grain structures loaded along the grain orientation 

may be preferable for enhanced creep properties[368], ways to manipulate the existing 

morphology are of great interest. The annealing response of the structure exhibited some 

changes in the microstructure, particularly in zones consisting of finer grains (bottom of the 

build wall) prior to annealing; those developed columnar grains during annealing. Areas 

exhibiting columnar grains with a certain distance away from the bottom of the build did not 

show changes. The study indicates that by conducting post-build annealing, it can be feasible 

to enhance .the creep strength of such structures grown by SLM near the bottom, which 

might be significantly wider using other thermal conditions. The responsible mechanism for 

the changes observed is perhaps recrystallisation and alignment of nanoscopic precipitates in 
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growth direction might play a role as was suggested by Okuda and Fujiwara (1995)[57]. 

Typical recrystallisation temperatures for conventional PM2000 are 1380°C for 1 h, but in 

the present case, it appears to be that the driving force, the stored energy, is sufficient to 

initiate this mechanism at lower temperatures. However, it should be noted that studies on 

the dislocation density have not been conducted in this work. Recrystallisation at 1200°C for 

1 h on as-extruded PM2000 subject to deformation could also be observed in a previous 

study[131]. In the further progress of this work, the formation mechanism of the grain 

structure, but also the high-temperature annealing response (1380°C / 1h) will be examined.  

 

Analysis of particles on the wall surface and of inclusions 

Micrometer sized O, Al and Y-rich particles were present on the wall surface and as 

inclusions. The bright appearance of these when viewed in SE mode is likely to be caused by 

charging effects due to the insulating properties of the compounds, which are likely to be 

oxides. As will be discussed later in sub-section 5.2 on page 137, such O, Al and Y-

containing surface nodules and inclusions are probably agglomerated and partly re-molten 

fractions of scale formed during SLM processing. Significant oxidation losses of Y have 

been reported previously during the melting process prior to gas atomisation of an Al-free 

ODS steel[341]. An XRD experiment was conducted on an as-grown wall in order to reveal 

phase information of the surface particles observed. However, the investigation did not 

reveal any other major phases rather than α-Fe, which suggests that the fraction of such 

features on the surface is too low to appear in the diagram or the structures are amorphous. _76  

The cross section of one wall was analysed to determine the relative amount of elements 

included in such nodules or inclusions relative to the original concentration in the as-MA 

powder prior to deposition. The amount of the total O included in both types of features was 

above (top region) or close (near the bottom of the build) to 100%. This suggests that at least 

a part of the content of O included in the O, Al and Y-rich structures observed was originally 

not included in the alloy components prior MA Consequently, as SLM processing obviously 

reduces the amount of O in the building chamber, but the volume fraction of such 

micrometer sized O, Al and Y-rich particles was relatively similar near the wall top and the 

bottom respectively, there must be a continuous source of this element. This origin might be 

moisture in the metal powder, trapped air between powder particles in the powder container, 

O pick-up during MA or leakage of the building chamber.  

A slightly higher volume fraction of nodules on the surface and inclusions in the top zone 

compared to the bottom may be caused by lower temperatures close to the base plate at the 

beginning of the SLM process as was discussed before. This would perhaps lead the material 

molten/heated for a shorter time at the beginning of the deposition process leading a lower 

volume of scale formation and agglomeration.  
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Studies on dispersoids included in outer walls of the as-grown condition  

It will be shown later that there are indications that deposited material only contains a low 

volume fraction of precipitates when it was put down. Consequently, dispersoids must 

evolute in solid material and/or re-molten material when fabricating thin walls. The particle 

morphology suggest that individual compounds nucleate and grow on each other perhaps 

with the absence of Y depending on the chemical affinity of the compounds involved. 

Ultrafine particles might be present, perhaps surviving the MA procedure and successive 

deposition, which might be subject to Ostwald ripening in the alloy matrix during heating. 

However, TEM-thin foil study is strongly recommended to verify preliminary suggestions 

obtained by FEG-SEM work of an etched cross section. Y diffuses slowly in α-Fe matrix 

(with a diffusion coefficient of 5 orders of magnitude less compared to Ti in Fe)[162,163 (both 

calculated after 164)] and becomes more mobile with an increase in temperature, experienced during 

repeated heating cycles while depositing multiple layers during SLM. When depositing 

several successive layers, such structures appeared to grow in diameter. Ostwald ripening 

may be one possible mechanism, as was discussed earlier and the chemical affinity of the 

precipitate compounds to, for instance, Y may play a role. The larger dispersoids observed 

were also more globular shaped and included Y, which might diffuse into such compounds at 

a later stage and replace certain elements depending on their chemical affinity. Stirring in the 

melt pool might mix regions with different development stages of dispersoids as was 

observed in the study and those might well act as nucleus. Alternatively, non-equilibrium 

phases might reduce the energy barrier for nucleation[369]. Larger particles might represent an 

advanced situation of this mechanism as Al-Y oxides appear to be one of the most stable 

chemical compounds in this alloy system.. As no significant differences were observed in 

elemental composition between particles extracted from the top and bottom of the build, the 

mechanisms seem not to be significantly affected by differences in thermal conditions during 

processing of both regions. A subject requiring further studies would be on differences of the 

precipitates located on grain boundaries and within the grains. _77 _494 _251_533_534   

A neutron diffraction experiment did not detect any secondary phases as the variety of the 

individual compound types is probably high and their volume fraction is below the limit of 

detection.  

 
Studies on dispersoids included in annealed outer walls 

The post-build heat treatment performed resulted in changes in the dispersoid size 

distribution compared to the as-grown state. Significantly finer dispersoids occurred, but also 

coarsening of coarser precipitates was apparent. A certain amount of Y might still be in 

atomic solution or present in nanoscopic clusters in the matrix in the as-grown state, retained 

from the MA process. During annealing, nucleation and growth of all particles in the matrix 

might occur using this Y due the chemical affinity of the particles to certain elements in the 

matrix and Ostwald ripening ocurring in parallel. Elements included in the dispersoids 
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present before the heat treatment (Ti, Cr, Fe, etc.), rather than O, Al and Y, might be 

replaced by, for instance Y, and simply diffuse into the matrix leading to the globular Al-Y 

oxides observed having mainly one single phase. Released C and Ti from such particles 

might form the TiC compounds observed; indications for this were that such TiC structures 

were often connected with globular Al-Y oxides. Ti(C,N) in conventional PM2000 was also 

observed by other researchers[105,88]. In some cases, traces of other elements could be 

observed in Al-Y-O compounds, which suggests that the transition conditions from initially 

multi-phased particles into single phase particles might be close to the time/temperature used 

(1200°C for 1h). Ti containing ODS particles or yttria (Y2O3) nanoparticles like in other 

nuclear-type (Al-free) ODS steels[35,370] were not found, which is consistent with other 

studies on Al-containing ODS steel[92,105,116]. A stronger chemical affinity of O/Al/Y rather 

than O/Ti/Y or O/Y might be the responsible mechanism. _530_166_174_204_187_253 

The phases observed, YAM and one type which could not be assigned, are in contrast to 

those found in conventional produced PM2000, where large fractions of Y2O3, YAG and 

YAP are common as found, for instance, by Chen et al. (2009)[119]. Li et al. (2009)[115] studied 

the reaction sequences of O-Al-Y compounds; YAM was found to be the first compound in 

the order forming at ~1000°C and the other Y-Al-O types occurred at higher temperatures, 

which might also be the case for the present ODS steel. YAH was assigned once and would 

be second in the described sequence, forming between 1000-1100°C. However, annealing 

studies on the SLM material might be the means to investigate if the reaction sequence 

described by Li et al. (2009)[115] are the same for the present material. The concentration of Si 

in the as-MA powder was just measured as 0.02 wt.% by ICP-OES, which is yet obviously 

sufficient to provide a source of Si. The nature of the Si containing particles is interesting 

and lattice details on the particles were provided in order to facilitate future phase 

assignment. The concentration of Si in the as-MA powder was measured as 0.02 wt.% by 

ICP-OES, but appeared to be high enough to provide a source of this element contained in 

the particles.  

Compared to dispersoid size distributions of SLM-PM2000 single-scan walls fabricated by 

Walker et al. (2009) (Figure 33 on page 50.), the dispersoids in the present study were 

considerably finer and in the range of conventional PM2000. An explanation for this are the 

different processing conditions applied in this work - similar traverse velocity, but four 

parallel laser scans leading to a certain size range of precipitates due to the effects discussed 

before in detail.  

4.9 Chapter summary 
Chapter summary  
4.9 
(4.1) (4.2) 

Simple SLM PM2000 walls were grown by Walker et al. (2009)[15] and a fine dispersion of 

ODS particulates could be retained using certain processing parameters. Similar parameters 

were successfully applied to fabricate an intricate and fully dense complex thin walled 
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PM2000 hexagon structure using four parallel laser scans per deposit layer to form the wall 

thickness.  

 
Wall morphology 4.3 

Studies performed concentrated on outer walls of the build. There were regions in the 

individual walls, which were relatively smooth (Ra = ~10.8 µm) and those exhibiting a 

higher level of attached and partly re-molten powder particles leading to a higher roughness 

(Ra = ~17.6 µm). The observations suggest that a thermal equilibrium was reached after a 

certain distance, probably ~2 mm, from the bottom of the build, which was called top zone. 

In ~1 out of 3 walls, cracks with lengths up to 1.5 cm were observed. The morphology of the 

fracture surface, the orientation along the SLM build direction and cross sectional 

observations suggest these cracks to be intergranular and probably caused by high thermal 

stresses during processing.  

 
Phase identification and grain morphology 4.4 

XRD and ND revealed only the presence of α-Fe in the build, which is also typical for 

conventionally processed PM2000. The resulting microstructure while viewed from the top 

of the build appeared to be crescent shaped and was also observed for builds presented later 

in this work. When viewed from the side, the grains were elongated along the growth 

direction, but more equiaxed close (<~2 mm) to the wall bottom, perhaps associated with a 

higher thermal gradient. A post-build heat treatment at 1200°C for 1h was applied and 

showed that the equiaxed structures can be manipulated to a similar structure as was present 

in the rest of the build, while the top region remained virtually unchanged. Such, post-build 

heat treatments may offer a route to further manipulate the microstructure to enhance creep 

resistance.  

 
Analysis of particles on the wall surface and of inclusions 4.5 

Nodules on the wall surface and inclusions were apparent representing 0.69 vol.% of the 

total build volume of the top zone and 0.60 vol.% close to the bottom of the build determined 

by proportional calculations using micrographs of the cross section. EDX revealed that the 

features contained ~60 at.% O and varying fractions of Al and Y, which suggests those to be 

composed of Al2O3 and one or more types of Y-(Al) oxides. Other elements were only 

present in traces. Proportional calculations suggested that the structures included a 

significant amount of Y relative to as-MA PM2000, which was determined as 33.0 and  

25.3 at.% for the region near the wall top and close to the bottom of the build, respectively. 

The values for the bottom zone were lower, which might be caused by lower temperatures of 

the molten metal and an increased rate of solidification as the substrate plate at the beginning 

of the build process is cold and act obviously as a heat sink. Alternatively, there might be 
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less O in the chamber. Both effects may reduce the level of scale formation, which is 

probably the origin of such features observed. 

 
Studies on dispersoids included in outer walls of the as-grown condition 4.6 

A fine dispersion of homogeneously dispersed particulates was present in the matrix from 

outer walls of the hexagon structure without agglomerations or regions observed having a 

preferential diameter range. The particle size distribution of a TEM thin foil sample of the 

as-grown condition was very similar to conventionally processed PM2000; the present 

material had a main peak of ~5 nm less.  

The study found indications that there is a mechanism of particle evolution (growth and 

perhaps nucleation) in the matrix during annealing caused by successive heating cycles 

during SLM deposition. FEG-SEM work suggested that after a layer was put down, the 

number and size of precipitates was very low, which appeared to increase in number density 

and grew in diameter with an increasing number of repeated heating cycles during SLM 

fabrication. As Y diffuses slowly in Fe matrix, this element might diffuse into such initial 

structures during time at temperature, replacing other elements which simply diffuse into the 

matrix. Depending on their chemical affinity, other elements might diffuse in or out of these 

compounds. Smaller particles were found to consist of multiple phases, which have different 

elemental compositions and include elements, such as O, Al, Ti, Cr, Fe and Y. Larger 

particles included a lower number of phases and a lower level of elements rather than O, Al, 

Y and sometimes Si and might represent an advanced situation of this mechanism as O-Al-

Y(-Si) are probably the most chemically stable compounds in the PM2000 alloy system. 

Such larger particles might have been located on grain boundaries where diffusion processes 

are enhanced.  

 
Studies on dispersoids included in annealed outer walls 4.7 

This annealing step resulted in a significant increase of the number of dispersoids in a 

diameter range of 5 to 15 nm. This might be attributed to the fact that both processes 

described previously, nucleation/growth of dispersoids and particle development including 

phase changes, are happening during this step. The result of this treatment were typically 

globular single phase Al-Y oxides and 20 of those, randomly chosen, were analysed in terms 

of crystal structure. 12 particles were assigned as YAM. Eight precipitates representing all 

species with a Al/Y ratio of ~50/50 at.% included a certain concentration of Si, which could 

not be quantified due to near peak overlaps of EDX spectral lines. This compound type could 

also not assigned to compounds included in a standard crystallographic database, but a cubic 

structure could be excluded. Approximately 1 out of 35, mainly very large dispersoids  

(> ~150 nm), consisted of two or three phases. Typically facetted or oval structures were 

found to be Ti-rich and represented ~ 1 out of 50 particulates observed in a size range similar 

to Y-containing dispersoids. One such species was assigned to TiC. The fact that those 
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particles were often connected with Al and Y-rich dispersoids suggest that both TiC and Al-

Y-O form out of a pre-particle type during annealing. Alternatively, they might survive re-

melting during succesive layer deposition. The small number of such Ti-rich precipitates 

present compared with the relatively high concentration of Ti in PM2000 indicates that most 

of Ti is still in atomic solution in the alloy matrix.  
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Chapter 5 

Parameter development to grow walls with 
different thicknesses and solid structures 

 
 
The motivation of this chapter is presented in sub-section 5.1, which is followed by a 

systematical development of processing parameters for different build configurations. This 

was accomplished for thin walls by applying one laser scan per deposit layer to produce the 

wall thickness using both 50 W and full (188 W) laser power in the building chamber (5.2). 

However, as full laser power resulted in inferior build integrity, further optimisation work 

was conducted using a laser power of 50 W resulting in the optimised SLM wall 1. Settings 

for thicker walls were the emphasis of part 5.3; two (SLM wall 2) and three (SLM wall 3) 

parallel laser scans with a certain distance between them were used to form the wall 

thickness for each slice. Later in the chapter, optimum settings for solid builds, based on 

previously determined parameters to manufacture SLM wall 1 were developed as presented 

in sub-section 5.4. Interesting for further studies on mechanical behaviour and particle 

morphology on these builds was the fact that the effect of different heat inputs during growth 

could be studied, which was lowest for SLM wall 1, higher for SLM walls 2 and 3 and much 

increased for the solid block build. A recrystallisation experiment on samples taken from 

SLM wall 1 and from the solid structures is presented in part 5.5. Initial microscopy on 

samples taken from builds fabricated with the settings developed was conducted in order to 

obtain knowledge on particle evolution and morphology (5.6). Finally, the results are 

discussed (5.7) and the chapter is summarised in part 5.8. [371]  

As the supply of the available as-MA PM2000 powder was strongly limited, the arrays of 

test builds were produced with powder, which was re-cycled several times including sieving 

during the optimisation procedure17. TEM and mechanical tests (Chapter 6) were conducted 

on builds fabricated with the parameters developed using un-used powder. The optimisation 

of processing parameters subject of this chapter was conducted after advice of members of 

the Manufacturing Science and Engineering Research Centre at the University of Liverpool 

by the author. The layer thickness of 0.05 mm and the focal position in focus were not 

modified during the trials and the build substrate was in all cases a mild steel substrate. Laser 
                                                           
17 As reviewed by Ardila et al. (2014)[371], it should be noted that multiple powder re-use increases 

the powder particle size by forming aggregations and, consequently, decreases their flowability, 
which may lead to melting faults due to insufficient powder deposition and decreased build 
integrity. However, it was shown experimentally that multiple re-cycling (14×), for instance, while 
processing a Ni-base alloy, increases the level of aggregations only slighty and the influence on 
structural and mechanical properties of the builds investigated was minor[371]. Means to check 
powder modifications during re-cycling might be microscopy of the powder particles, flowability 
tests or size mesurements using, for instance, laser diffractometry.  
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scanning for walls was always conducted in the same direction (unidirectional) and the 

orientation of successive layers using cross hatching to fabricate solid builds was +90°, 

followed by -90°.  

5.1 Motivation 
5.1 
Motivation 

The main components of the SLM-100 machine used, including the laser and the gas system, 

were changed after the hexagon structure (Chapter 4) had been produced. In further 

experiments it was found that builds using the processing parameters from the hexagon 

structure could not be reproduced by translating the manufacturing parameters to the new 

laser system. Additionally, the hexagon structure showed a relatively high surface roughness 

and O, Al and Y-rich nodules on the surface and inclusions leading to a significant loss of Y 

required to form strengthening dispersoids in the matrix. There was also a high number of O, 

Al, Si and Y-rich nanoparticles. Walls of the structure were also subject to cracking, 

probably associated with high thermal stresses in the deposit material. An optimisation 

procedure with a focus on reducing the required re-melting sequences, improving the surface 

finish and relative density to grow simple walls was undertaken. It was believed that this 

could reduce the detrimental issues and after the possibility of studying the resulting 

precipitates in such new reproducible and optimised builds.  

Test specimens for microtensile tests were also required to mechanically characterise SLM-

PM2000 builds, but walls of the hexagon structure were limited and were too thick for the 

microtensile test equipment which was used for the work presented in Chapter 6. Hence 

another objective of developing processing parameters for walls with more than one parallel 

laser scan per deposit slice was to provide materials for creep tests (Chapter 6). Due to the 

load of the creep test equipment, SLM walls 1 (sub-section 5.2) were too thin for testing 

since applying the load resulted in immediate fracture of such builds. Hence thicker walls 

were built and would also allow the further study of nucleation and growth mechanisms of 

strengthening ODS particles as the energy input is increased compared to SLM wall 1. As 

reviewed previously, Walker et al. (2009)[15] used different laser powers of up to 50 W to 

SLM-consolidate PM2000 as-MA powder. The study found that highest laser powers and 

high scanning velocities resulted in least agglomeration of dispersoids, which was the 

motivation to investigate the use of both 50 W and full laser power (188 W) for the present 

study by keeping the energy input at a similar level. The development of parameters to 

fabricate solid SLM-PM2000 builds was also of interest, since such parameters were also 

required to direct-build on Inconel IN939 pins investigated in Chapter 7.  

However the focus, for all builds was the demonstration of the feasibility of SLM in ODS 

alloy environment, rather than executing complex optimisation procedures leading to further 

reduction of porosity. It should also be noted that the available as-MA PM2000 powder was 

very limited. Also future ODS-SLM builds might be fabricated on other SLM machines 
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using other alloys, and the parameters developed in this work are likely to be not simply 

transferable.  

5.2 Parameter development to fabricate thin walls u sing one 
laser scan per deposit layer to produce the wall th ickness 
(SLM wall 1) 

Parameter development to fabricate thin walls using one laser scan per deposit layer ... 
5.2 

5.2.1 Pre-study 

Initial wall arrays (single line scans) were used to determine the parameter regime between 

porous builds at one extreme and high energy input (thick walls, balling) at the other. Some 

builds were separated, etched and investigated by FEG-SEM. It was found that walls, which 

were subject to a high energy input exhibited only a low number of relatively coarse 

dispersoids. In contrast, walls fabricated with lower energy input, still allowing the growth of 

dense builds, showed in all cases a much finer dispersoid distribution. Consequently, the 

effect of certain processing parameters on the size of the dispersoids was not investigated 

further since a fine size distribution was desired and, as described in Chapter 4, ODS 

particles might also form due to post-build annealing. It was also recognised that a detailed 

dispersoid size analyses including annealing studies using TEM-thin foil samples would 

have been time intensive. Consequently, such a study was only conducted on optimised 

builds. However, future studies might concentrate on the effect of processing parameters on 

dispersoid size distribution.  

Based on the initial findings, two arrays of wall structures were produced (Figure 105a) 

using 50 W laser power and full power (188 W). The wall structures had a length of 8 mm 

and a height of 6 mm with a distance between the structures of 1.57 mm and of 3.45 mm 

along the scan direction and perpendicular to it, respectively. As illustrated in Figure 104, the 

range of the energy input used per mm (calculated after Equation 1 on page 42) was similar 

for both arrays fabricated. This leads to a PD in both arrays ranging from 10 to 70 µm  

(∆PD = 5 µm), an ET for 50 W ranging from 100 to 450 µs (∆ET = 50 µs) and for full power  

(188 W) ranging from 25 to 130 µs (∆ET = 15 µs). When observed visually, the appearance 

of the builds varied for the array produced with 50W as noted in Figure 105a. A high PD and 

a low ET lead to a low energy input and consequently to strong porosity in the builds, while 

a low PD and high ET lead to a high energy input and consequently thick walls exhibiting 

balling effects. Between both zones, there was a region with dense thin walls within which a 

decreasing ET and a decreasing PD lead to enhanced surface finish and also to a lower wall 

thickness, even if the energy input calculated remained similar.  

During manufacturing of the builds using full laser power (188 W), a strong level of 

deposition of slightly darker powder material on top of the powder bed was noticed  

(Figure 105b). Such debris were only observed in the region near that array and the nature of 
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this type of deposition was not investigated further. Consequently, the alloy powder near the 

array grown using full power (188 W) was carefully removed and was not re-used for further 

processing. The effect might be caused by sputtering of as-MA powder during high laser 

power and is detailed at a later stage (section 6.2). Similar effects were not observed for the 

array produced with 50 W power.  

 
Figure 104: Diagrams of the input energies calculated for given exposure times for builds 

produced with (a) 50 W and (b) using full power (188 W).  
yyy Walls_12_diagrams 
Walls manufactured using full power (188 W) showed in all cases inferior build quality in 

terms of surface finish and the finish on the wall top, which was typically wave-formed as 

displayed in Figure 105c. The evolution of porosity and relatively thick walls indicating a 

very high energy input was similar to the array grown using 50 W. Due to the formation of 

debris and inferior build quality using full laser power, the focus on optimisation work was 

continued with builds grown using a power of 50 W. Following these findings, a zone 

marked in Figure 105a in the array grown with 50W using a PD from 10-30 µm and an ET 

from 100-200 µs was investigated further.  
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As illustrated in Figure 105a, in the array fabricated with 50 W laser power, three main  

zones of build qualities were observed. Walls grown with a decreasing energy input (starting  
  

 
Figure 105: Images of two arrays grown with 50 W and full (188) laser power to determine 

the parameter range for further optimisation of processing parameters.  
The optical images show (a) the builds from the top and (b) the top of the powder bed including 
darkened powder deposition in the region of builds grown using full (188 W) laser power. (c) The builds 
from this array showed a wave-shaped top end. Walls marked with letters (A-E) are viewed from the 
top at a higher magnification in Figure 106 on page 140.  
yyy Walls_1st gen _12.jpg  
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at < ~250 J/mm) showed an increasing level of porosity with insufficient melting to form 

fully dense structures as shown in a typical example in Figure 106b. Increasing energy input  

(starting at > ~650 J/mm) resulted in increasing melting effects and balling of previously 

molten material resulting in a typical morphology as shown in Figure 106e. Between both 

zones, the builds were fully dense and showed good surface finish (when observed visually) 

which improved with a decreasing PD and decreasing ET. This was also associated with a 

decrease in wall thickness. A typical example of this effect are two builds fabricated with 

333 J/mm, displayed in Figure 106c (high ET and high PD) and Figure 106e (low ET, low 

PD). Carefully conducted optical microscopy of the top of the walls revealed the less 

disrupted laser hatch lines leading to a relatively smooth surface finish for ET = 100 µs and 

PD = 15 µm. The wall was grown with an energy input of 333 J/mm and the wall top is 

displayed in Figure 106d. Also the neighbouring walls showed excellent surface finish and a 

smooth laser hatch line and, consequently, a zone around those parameters will be 

considered for further investigations in sub-section 5.2.2.  

For full laser power (188 W), the trends were similar to those observed at 50 W, however 

one of the builds showing best integrity, displayed in Figure 106f, still exhibited an inferior 

morphology of the laser hatch lines and surface finish compared to the best builds grown 

using 50 W (Figure 106d).  

 
Figure 106: Characteristic images of the top ends of several wall builds, which are marked 

with letters in Figure 105 on page 139. Part (a) shows the viewing direction.  
The images obtained by optical microscopy show (a) the viewing orientation, (b) a typical porous wall, 
(c) a dense wall having a rough surface finish, (d) a wall having the smoothest laser hatch lines and 
surface finish, (e) a wall subject of strong melting and (d) one of the walls having smoothest laser hatch 
lines and surface finish when using full (188 W) laser power.  
Walls_1st gen images.jpg 
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5.2.2 Parameter refinement and investigation of a w all (SLM wall 1) 
fabricated with the parameters developed 

Parameter refinement (leading to SLM wall 1) 

Using a similar approach, arrays of walls of the same dimensions were fabricated using  

50 W laser power. The resulting builds are displayed viewed from the front (Figure 107a) 

and from the top together with some descriptions (Figure 107b). It was also evident that 

edges appear on side enhanced (*) and on the other slightly rounded (**) as marked in 

Figure 107a, which is caused by an edge-effect as will be discussed later. The distance of the 

builds between each other was 1.57 mm and 5.5 mm along the scan direction and 

perpendicular to it, respectively. Applied settings were a PD from 5 to 30 µm (∆PD = 5 µm) 

and an ET from 30 to 170 µs (∆ET = 20 µs) leading to individual theoretical energy inputs as 

displayed in Figure 107c. Similar to previous observations, a high PD together with a low ET 

resulted in porous builds, while a low PD and a high ET caused thick walls and strong 

melting.  

 
Figure 107: Fabrication of an array of walls using 50 W laser power to refine the parameter 

range previously determined.  
The images display (a) the physical array of builds viewed from the front and (b) from the top; (c) 
shows a diagram of the energies calculated for given exposure times.  
Walls_2st gen _13.jpg     



Parameter development to grow walls with different thicknesses and solid structures 5 

- 142 - 

The surface finish of the walls and the morphology of the laser hatch line viewed from the 

top of the build was carefully observed visually and by optical microscopy, respectively, and 

it was found that both properties were much improved for the parameters ET = 90 µs and  

PD = 15 µm; later referred to as parameters of SLM wall 1. The wall thickness of that wall 

was ~130 µm (Figure 108), which is one of the lowest values that was achieved in the array. 

A thin wall thickness is beneficial for further development of novel build configurations as 

this leads to improvements in the achievable dimensions.  

 
Figure 108: Evaluation of the wall thickness of the wall builds fabricated.  

Porous builds and those subject to strong melting are not included in the diagram.  

*)The high thickness for the wall produced with the parameters ET = 30 µs and PD = 5 µm was 
probably caused by an issue, where the wall bended during processing and a new hatch line was 
formed next to the previous one, close to the wall top. 
Walls_2nd gen thickness 
 
The content of O in the building chamber during processing 

During manufacturing of the walls discussed in this sub-section, the content of O in the 

processing chamber of the SLM machine was recorded. As displayed in Figure 111, at the 

start of the build process, the level of this element in the processing atmosphere was  

~250 ppm, which dropped rapidly to an equilibrium state of < 1×10-7 ppm at the beginning 

of depositing the 4th layer, probably due to oxidation of vapourised materials taken up by the 

filter.  

 
Figure 109: Diagram of the O content in the building chamber measured  

at the beginning of each layer.  
1x_O content.jpg 
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Morphology of the laser hatch line and of the wall surface of the wall build developed (SLM 

wall 1) 

Figure 110a shows the wall top of a build fabricated with the parameters of SLM wall 1 and 

confirms a stable laser hatch line without any disruptions, which resulted in a smooth finish 

of the wall surface (Figure 110b-d). The key roughness value was determined as Ra = 6.6 µm 

(Rq = 8.7 µm, Rt = 152.2 µm) and very similar roughness values were apparent on both sides 

of the build, which was significantly improved compared to the surface finish of the hexagon 

structure (Figure 58 on page 89, Figure 60 on page 90). On the surface of the thin wall, O, Al 

and Y-rich nodules were observed (Figure 110e), similar to those for the hexagon structure; 

the number density and individual size, however, appeared to be reduced for the new builds. 

Studies on these nodules will be presented later in this chapter.(Rq = 8.7 µm, Rt = 152.2 µm) 

 
Figure 110: Investigation of a build fabricated with the parameters of SLM wall 1.  

The images display images obtained by optical microscopy of the (a) top of the build, in the orientation 
displayed in Figure 106a, and (b) the plan view of the wall surface. Also results on investigations on the 
wall surface are shown, which are (e) the result of a surface profilometry scan, (d) a SEM-SE image 
and (e) a SEM-BSE image (compositional contrast).  
 
 
Studies of the grain structure and of the build integrity of the wall build developed (SLM 

wall 1) 

One build referred as SLM wall 1 was cross sectioned and a very low level of (minor) 

porosity was apparent (Figure 111a). Such build defects, were present in the form of small  

(< ~10 µm) pores near the centre. Inclusions or other build defects, for instance cracks, were 

not observed in the build. The grain structure viewed from the top (Figure 111b) appeared to 

be stirred and can be described as double crescent-shaped, with grains smaller than ~50 µm 

in diameter, while the grains merged along a central line, which was probably the former 

scan line. When viewed from the side (Figure 111c), the grains were columnar and oriented 

along the growth direction and were in some cases up to several mm long.  
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Figure 111: Images obtained by optical microscopy of cross sections of SLM wall 1.  

The micrographs show (a) the top view in the un-etched condition, (b) the top view in the etched 
condition and (c) the side view in the etched condition.  
yyy 
A typical central pore is displayed in Figure 112, but no other compounds located on the 

pore surface, such as O, Al and Y-rich structures were apparent, which is in contrast to larger 

pores discussed in later solid builds. Brightly appearing regions in SE mode were probably  

 
Figure 112: Investigation of a typical porous feature in the wall build.  

The images display (a) a SEM-SE image, (b) a SEM-BSE image (compositional contrast) and (c) a 
SEM-SE image of the pore at high magnification with colloidical silica nanoparticles attached on it. 
Small globular structures were revealed as ODS particulates using (d) SEM-SE imaging and (e) EDX.  
1x wall pore.jpg[a]  
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caused by a charging effect, as those were not noticeable in BSE imaging. The surface of the 

pore appeared to be rough, as displayed in Figure 112c, and attached nanoscopic particulates 

at the pore surface were probably colloidical silica particles from the sample preparation 

process since they were Si-rich and had a diameter of ~40 nm. As will be discussed later, 

those type of pores are probably caused by shrinkage. The micrographs occasionally showed 

globular features of diameters up to ~150 nm, which were obviously large Al and Y-rich 

ODS particles (Figure 112d,e). EBSD was conducted on an as-grown SLM wall 1 in two 

viewing orientations - from the wall top (Figure 113a) and from the side (Figure 113b). The 

study revealed an inner region with a strong [001] fibre texture along the growth direction. 

The grains in this region were separated by both high angle and low angle grain boundaries. 

The grains in the outer zone were randomly oriented and merged typically with high angle 

grain boundaries. []  

 
Figure 113: Results of an EBSD scan of SLM wall 1 (as-grown).  

The figures display the two viewing directions (a) from top of the build and (b) from the side of an 
approximate depth as marked (*). Strongly evident is an inner zone with a strong [001] fibre texture (**) 
and an outer zone with more randomly oriented grains (***). 
EBSD.jpg 
 
Study of O, Al and Y-rich nodules on the surface 

In addition to early investigations on O, Al and Y-rich nodules in Chapter 4, further work 

was conducted on SLM wall 1. The SEM-BSE image (compositional contrast) of a typical 

nodule in Figure 114(b) revealed the presence of several types of individual objects on top of 

that structure each having different Z-contrast. Imaging at a higher magnification  
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(Figure 114c-e), revealed three types of features, which were investigated by EDX; the key 

results are presented in Figure 115 and are discussed as follows.  

Facetted objects with a low Z-contrast (Figure 114(c,d); EDX 1) were observed in a size 

range of ~200 nm up to ~1 µm. They were mainly O and Al-rich, and the elemental 

composition of one of them was measured as 63at.%O-37Al, which is similar to Al2O3. 

Traces of Y were also detected, which was probably due to the small size of the objects 

investigated and collection of signals from surrounding material.  

 
Figure 114: SEM from the top surface of a typical surface particle. 

Part (a) is the SEM-SE images, whereas (b-d) are the SEM-BSE images (compositional contrast) in 
different magnifications revealing a mixed structure composed of various features. Corresponding EDX 
spectrograms are included in Figure 115.  
aaa 
Al particles are floating?? 

 
Figure 115: Corresponding EDX spectrographs of the points marked in Figure 114.  

 
Globular particulates (Figure 114c; EDX 2) with diameters from some nm up to approx.  

1.5 µm appeared to have the highest Z-contrast of the present structure. EDX found such 

objects to be rich in Cr and Fe and the ratio between both elements was measured as 

29at.%Cr-71Fe, which suggests they are of the same composition as the alloy. Figure 114(d) 
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shows that these slag-like particles were often located between individual facetted O and Al-

rich objects.  

The base of this nodule (investigated in the region EDX 3 in Figure 114c), however, 

appeared to be a mixed structure, which consisted of two compound types having a different 

Z-contrast. Objects in a size range of < 50 nm having a similar Z-contrast as those features 

marked with EDX 1 appeared to be embedded in a phase having a higher Z-contrast. The 

individual features were too small to be investigated by EDX; when analysing both phases 

together (EDX 3), the measured composition was 61at.%O-33Al-6Y.  

When viewed in cross section (Figure 116), such nodules showed a mixed structure 

throughout the feature. Facetted O and Al-rich particles (EDX 1), similar to those previously 

observed from the wall surface were present throughout the nodule. Another facetted particle 

type was also present having an increased level of Y (EDX 4), which, in this case, was 

measured as 57at.%O-27Al-16Y. Such an elemental composition is similar to YAG. 

Occasionally, such particles formed structures appearing to be dendritic. Both particle types 

were embedded in a mixed structure, where the Z-contrast suggest the presence of both 

phase types. In contrast to the plan view of these nodules, Cr and Fe-rich globular particles, 

however, were only observed on top of the surface nodules.  

 
Figure 116: SEM performed on the cross section of surface segregations revealing a mixed 

structure.  
The images show (a) a SEM-SE image and (b,c) SEM-BSE images (compositional contrast) in different 
magnifications.  
Inclusion_cross section.jpg 
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Figure 117: Corresponding EDX spectrographs of the point marked  

as "EDX 4" in Figure 116.  
Inclusion_cross section  

5.3 Parameter development to fabricate thicker wall s using 
two (SLM wall 2) and three (SLM wall 3) parallel la ser 
scans per deposit layer to produce the wall thickne ss 

5.3 
Parameter development to fabricate thicker walls using two (SLM wall 2) and ... 

The distance D between the scan lines and the ET were altered during the trials, while the 

laser power (50 W) and the PD (15 µm) remained constant, which resulted in a calculated 

energy input for one applied scan line as displayed in Figure 118. The resulting physical 

array is shown in Figure 119 and details on this will be presented later.  

 
Figure 118: The diagram of the energy input per laser scan calculated per mm  

for given exposure times of the trials conducted.  
 
 
 
Walls fabricated with two parallel laser scans per deposit layer (leading to SLM wall 2) 

Within this study, thicker wall structures were fabricated using two parallel laser scans per 

deposit layer. In order to compensate probable losses of heat due to thermal conduction as 

shown in the power model discussed earlier (Figure 21), different ET's were applied ranging 

from 50 to 185 µs (∆ET = 15 µs) leading to different energy inputs per laser spot and per unit 

distance. As this may lead to larger melt pools, the distance between the scan lines D was  
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Figure 119: The array of walls fabricated using two (top) and three (bottom) parallel laser 

scans, 50 W laser power and a PD of 15 µm.  
2x 3x photo.jpg 
 
varied from 50 to 225 µm in 25 µm intervals. The length of the walls was 6 mm, while the 

height was 5 mm. The distance between the builds was 2 mm and 5 mm, along the scan 

direction and perpendicular to it, respectively.  

The top end of the walls of the array was conventionally ground with a 4000 grit finish and 

carefully observed in terms of build defects using optical microscopy. The key observations 

are noted in Figure 120 and explained as follows.  

 
Figure 120: The array of walls fabricated using two parallel laser scans, 50 W laser power 

and a PD of 15 µm.  
Walls marked with letters (F-H) are viewed from the top at a higher magnification in Figure 121a, 
Figure 122a and Figure 124a.  
 
Increasing the distance between the scans D above a certain value (≥ ~150 µm) caused the 

material to not fully fuse between the laser hatch lines. The result was porosity at the 

interface and O, Al and Y-rich inclusions between them, while the level of porosity 
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increased with increasing D. This effect is probably due to the fact that O, Al and Y-rich 

material is not being rejected to the surface. Typical images of a build (fabricated with ET = 

80 µs, D = 200 µm) displaying this effect when viewed from the wall top, are shown in 

Figure 121.  

 
Figure 121: Images of the top view of a wall subject of incomplete fusion between the 

deposit laser hatch lines (ET = 80 µs, D = 200 µm).  
The images show (a) the top surface of the structure and (b) a cross sectional micrograph.  
Walls_2x top_porous  
On the other hand, a decreasing D and an increasing ET resulted in a rise of inclusions (of 

sizes < ~30 µm), rich in O, Al and Y. Such features were not limited to certain regions in the 

builds. A typical example for this is displayed in Figure 122a,b, which shows a wall 

fabricated with ET = 185 µs and D = 50 µm.  

 
Figure 122: Images of the top view of a wall having inclusions (ET = 185 µs, D = 50 µm).  

The images show (a) the as-grown structure and (b) a micrograph of the ground condition.  
Walls_2x top_inclusion.doc  change image  
A general increase in pores and inclusions was also noted for a rise in ET and a rise in D. 

The zone displaying least porosity and least inclusions is marked in Figure 120 and was 

analysed in terms of the relative density ρrel of the builds by analysing several individual 

optical micrographs as was described in sub-section 3.6.10 on page 74. The results are 

presented in Figure 123 and display one build per datapoint and the standard deviation was 

determined from the individual micrographs analysed. The term relative density will be used 

to describe the fraction of alloy vs. porosity and inclusions. The settings D = 100 µm and  

ET = 95 µs resulted in the highest relative density of > ~99.5 % and also showed a very good 

surface finish when observed visually. Consequently, this processing parameter was used for 

further work. Also neighbouring values still showed a high relative density of > 99.0 % 

indicating that the settings were stable processing parameters leading to high density. It 

should be noted that the standard deviation in this and the following measurements was 

relatively high since there was non-random porosity.  
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Figure 123: The diagram of the relative density ρrel shows highest values at  

D = 100 µm and ET = 95 µs.  
Walls_2x_porosity 
The average thickness of the resulting optimised build was ~240 µm. When viewed from the 

top of the build, the structure displayed a smooth top end (Figure 124a) leading to a smooth 

surface finish on both sides of the wall. As shown in Appendix 6, The surface roughness of 

these surfaces was similar and was measured as Ra = 5.7 µm (Rq = 8.5 µm, Rt = 152.7 µm) 

and 5.6 µm (Rq = 7.5 µm, Rt = 126.8 µm) for the side of the first scan per layer and the 

opposite side, respectively. When preparing the sample by grinding, a very low level of 
  

 
Figure 124: Images obtained by optical microscopy of walls referred as SLM wall 2 .  

The images show (a) the view from the wall top, followed by cross sections, which are (b) the top view 
in the un-etched condition, (c) the top view in the etched condition, which revealed a "crescent" grain 
structure and (d) the side view in the etched condition shows elongated grains oriented along the 
growth direction. 
Walls_2x top_best 
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internal build defects was revealed (Figure 124b). Similar to the previous wall fabricated 

with one laser scan, the grain structure appeared to be crescent shaped when etched, with 

grain boundaries along the original scan line (Figure 124c). Grains between both deposit 

tracks, grew through the interface reaching from one laser hatch line to another. Along the 

scan lines, a low level of porosity was apparent. Both the grain size and the morphology of 

porosity was similar to SLM wall 1. When viewed along the growth direction (Figure 124d), 

grains were often columnar oriented, but shorter in SLM build direction compared to SLM 

wall 1. Also, occasionally small pores (< ~10 µm) were apparent near the scan lines. O, Y 

and Al-rich nodules (Appendix 6), were present on the wall surface of the side of the first 

laser scan with a similar shape, size and number density as on the walls fabricated with one 

laser scan per deposit layer. On the opposite side, when observed visually, the nodules were 

larger in size and less numerous, but the overall covered surface area fraction appeared to be 

increased. (Rq = 8.5 µm, Rt = 152.7 µm) // (Rq = 7.5 µm, Rt = 126.8 µm) 

 
Walls fabricated with three parallel laser scans per deposit layer (leading to SLM wall 3) 

A similar approach to the previous optimisation programme (SLM wall 2) was chosen to 

develop settings to fabricate walls using three parallel laser scans per deposit layer to 

produce thicker walls. As for the honeycomb structure in Chapter 4, both outer lines were 

scanned first, followed by the inner line, which is beneficial to fabricate dense wall 

structures. The same values for the laser power and for the PD were used as for walls 

produced with two parallel laser scan per deposit layer. The build integrity was investigated 

in a similar way and similar results were obtained, as noted in Figure 125. 

 
Figure 125: The array of walls fabricated using two parallel laser scans and 50 W laser 

power and a PD of 15 µm. 
 
A zone was apparent showing a low level of build defects (pores and inclusions) and the 

relative density ρrel from builds within this zone were determined with the results displayed 

in Figure 126. Similar to the previous trial, the parameters D = 100 µm and ET = 95 µs 

resulted in one of the highest relative densities of > ~99.5 % and also neighbouring values 

still showed a high relative density of > 99.0 %. This parameter will be used for further 

work. Individual relatively high relative densities could also be achieved using D = 75 µm, 

which, however, resulted in walls subject to balling effects and a low wall thickness.  
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Figure 126: The diagram of the relative density ρrel shows highest values at D = 100 µm and 

ET = 95 µs.  
 
The resulting thickness of the optimised wall was ~320 µm and, similar to SLM wall 2, the 

laser hatch line viewed from the wall top showed a good surface finish (Figure 127a). As 

shown in Appendix 6, the resulting surface roughness of both sides of the build were  

Ra = 5.5 µm (Rq = 7.5 µm, Rt = 122.5 µm) and 12.4 µm (Rq = 18.3 µm, Rt = 495.3 µm), for 

the side of the first scan per layer and the opposite side, respectively. When removing the as- 

 
Figure 127: Images obtained by optical microscopy of walls referred as SLM wall 3 .  

The images show (a) the view from the wall top, followed by cross sections, which are (b) the top view 
in the un-etched condition, (c) the top view in the etched condition reveals a "crescent shaped" grain 
structure and (d) the side view in the etched condition shows elongated grains along the growth 
direction. 
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grown top surface, a very low level of internal build defects was revealed (Figure 127b). As 

shown in Figure 127c, the morphology was crescent shaped and grains grew through the 

interface between the outer scan to the final central scan, which is a similar observation to 

that made on SLM wall 2. As for the wall structures investigated previously, the grains were 

elongated along the growth direction, while the grain boundaries in the same viewing 

direction were oriented along the scan line (Figure 127d). (Rq = 7.5 µm, Rt = 122.5 µm) // (Rq = 18.3 µm, Rt = 495.3 µm) 

The observations on O, Al and Y-rich surface nodules (morphology, area fraction) did not 

differ significantly from SLM wall 1.  

5.4 Development of parameters to grow solid structu res 
Development of parameters to grow solid structures 
5.4 

Based on the parameters determined previously for SLM wall 1, an array of cube builds was 

fabricated with the aim of developing settings for solid structures. A build fabricated using 

the parameters having the lowest achieved relative density was further investigated in terms 

of surface morphology and component microstructure.  

 
Parameter development 

An initial experiment has shown that simply depositing multiple parallel laser hatch lines of 

the previously determined parameters of SLM wall 1 (PD = 15 µm, ET = 90 µs, 50 W) next 

to each other with a distance of 100 µm between them resulted initially in builds that 

appeared to be solid. However, an increasing number of scans (> ~8) resulted in structures 

having a low level of integrity, which are marked with an arrow in Figure 128.  

 
Figure 128: The result of an experiment where simple parallel scans were applied next to 

each other.  
Einfach_aneinanderreihen.jpg 
In order to develop parameters leading to solid structures, an approach was chosen where the 

HD and the ET were altered. The PD of 15 µm and the laser power of 50 W was kept 

constant as this led to smooth hatch lines for wall builds. In this regard, after pre-tests to 

determine the parameter range, arrays of cubes of the size 5×5×5 mm³ with a distance 

between them of 5 mm were grown as shown in Figure 129a. The ET was varied along the 

ordinate from 90 µs to 160 µs (∆ET = 10 µs) and the HD was altered along the abscissa from 

100 µm to 170 µm (∆HD = 10 µm), while a 90° cross-hatching strategy was applied  

(Figure 27). A slight build-up of material on some corners was observed, but was found not  
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to have a negative effect on the powder deposition process (wiping) and, hence, probably the 

integrity of the builds. The finish of the top surface was visually observed and improved with 

increasing ET and HD in terms of a reduced surface roughness toward the top right end of 

the array. The top surface of the array was conventionally ground with a 4000 grit finish and  
  

 
Figure 129: The as-grown array of cubes to develop processing parameters for solid builds 

viewed (a) from the front and (b) from the top.  
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the density of the single cubes was investigated by optical microscopy. During this study, it 

was found that the level of relative density follows the previously determined improvement 

in surface finish, while the outermost of these builds already displayed a decline in relative 

density. An increase in ET resulted in an increase in the volume fraction of inclusions. It will 

be shown later that inclusions typically included Y which is required to form strengthening 

dispersoids. Some of the micrographs from cubes marked with letters in Figure 129a are 

shown in Figure 131 and clearly display this trend. Based on these observations, a zone was 

chosen (as marked in Figure 129b) to be relevant for further investigations of the relative 

density. Figure 130 shows an overview of the calculated energies utilised to produce the 

array.  

 
Figure 130: The diagram of the calculated input energies for an array of cubes displayed in 

Figure 129.  
Blocks_energy input 
 
It was found that the lowest level of build defects was achieved for a zone between an ET 

from 120 to 160 µs and a HD from 130 to 170 µm, which was further investigated in terms 

of relative density ρrel; the zone is marked in Figure 129. The resulting diagram is displayed 

in Figure 132 and displayed the highest ρrel of > ~98.5 % for a HD of 150 µm and for an ET 

of 150 µs. Lower and higher ET's for the same HD resulted in a reduction of ρrel,, while 

lower ET's resulted mainly in porosity and higher ET's (leading to an increase in energy 

input) mainly in Y-rich inclusions. The microstructure of this build is now discussed in detail 

in the subsequent sections. 

 
The surface morphology and microstructural characterisation of the developed solid build 

The resulting top surface is displayed in Figure 133a,c,d and reveals a smooth finish and 

overlap of the interface between the individual laser hatch lines when viewed at high 

magnification. The resulting surface was characterised experimentally (Figure 133b) and the 

roughness of the top was determined as Ra = 51.6 µm (Rq = 147.1 µm, Rt = 1047 µm). These 

values are extremely high, which is generally unfavourable for the growth process and this  
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Figure 131: Comparison of the build integrity of cross sectional individual solid builds viewed 

from top of the builds.  
The bright appearing regions are the metal.  
 
 

 
Figure 132: The diagram of the relative density ρrel resulting in the highest values of >98.5% 

for a HD = 150 µm and ET = 150 µs.  
Blocks_16_porosity    
also indicates high fluidity in the melt. Due to the emphasis of this work being a first study 

of SLM-ODS processing, the studies were continued using this parameter since the relative 

density could not be further improved using other ET and HD values with the scan strategy 

used. Further work, however, needs to consider reducing the roughness of the top layer, 

which might be achieved using significantly slower traverse velocities[378]. This, however, 
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may increase the energy input and, hence, probably coarsen dispersoids, which also suggests 

that new scanning strategies need to be developed as will be discussed at the end of this 

chapter. Another potential factor negatively affecting build integrity is dust formation 

probably due to sputtered or vaporised material during processing, which was observed when 

scanning large areas (section 6.2), but not on the present builds. However, this effect might 

be present in a smaller scale at the present build, very close to the deposit hatch lines, and 

might negatively affect wetting or changes the laser beam properties and consequently the 

build integrity; details on this will be discussed at a later stage. Similar to observations for 

other SLM-PM2000 builds in this work, nodules rich in O, Al and Y with different ratios of 

Al/Y (Figure 133d) were present on the build surface, typically near the interface between 

two laser hatch lines, while O remained at a stable level of ~60at.%. _516 .(Rq = 147.1 µmRt1047)   

 
Figure 133: Investigation of the surface of the optimised solid build viewed from the top .  

The images show (a) an image obtained by optical microscopy, (b) results from a surface profilometry 
scan, (c) a SEM-SE image and (d) a SEM-BSE image (compositional contrast). Features marked with 
"*" contained only traces of Y, while the concentration of this element was much increased for 
structures marked with "**".  
Block top.jpg 
A typical side surface of the build is displayed in Figure 134a,c,d. Nodules, rich in O, Al and 

Y (Figure 134d) were present in a similar size and number density compared to the previous 

wall builds in this chapter and appeared to be present in a similar morphology compared to 

the wall surfaces. A surface profilometry scan (Figure 134b) determined the key roughness 

values as Ra = 6.6 µm (Rq = 8.7 µm, Rt = 172.8 µm), which is significantly lower compared 

to the top surface.  
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Figure 134: Investigation of the surface of the optimised solid build viewed from the side .  

The images show (a) an image obtained by optical microscopy, (b) results from a surface profilometry 
scan, (c) a SEM-SE image and (d) a SEM-BSE image (compositional contrast). Features marked with 
"*" contained only traces with Y, while the concentration of this element was much increased for 
structures marked with "**". 
xxxBlock side.jpg      
 
 

 
Figure 135: Cross sectional etched micrographs of the SLM cube structure viewed in two 

different orientations .  
The several micrographs show (a) a stirred microstructure when viewed from the build top, (b) which 
was also apparent with an orientation along the SLM growth direction when viewed from the side. Two 
types of build defects were revealed, which are (c) porosity and (d, e) O, Al and Y-rich inclusions. 
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Microstructural characterisation  

The stirred grain morphology found on wall builds was also apparent for the solid builds 

fabricated with optimised parameters when viewed from top of the build (Figure 135a) or 

from the side (Figure 135b). Porosity with dimensions of the individual features of up to 

approximately 100 µm, with internal O, Al and Y-rich nodules, was occasionally observed 

(Figure 135c). Inclusions were another defect observed in this structure, which were 

typically present near the interface between two deposited laser hatch lines with sizes up to 

circa 50 µm (Figure 135d,e). 

One such slag-like inclusion is displayed in Figure 136a at a higher magnification and 

microscopy including BSE imaging (Figure 136b-d) and EDX, revealed a similar 

morphology and chemical composition to O, Al and Y-rich nodules present on the wall 

surface. As determined by EDX (Figure 136e), the content of O was on a similar stable level 

of ~60 at.%, while the ratio of Al to Y was subject to variations; other elements were not 

detected in the inclusions investigated (Figure 136f-j). 

5.5 Recrystallisation experiment 
5.5 
Recrystallisation experiment 

As mentioned previously, ways to manipulate the grain structure of such SLM builds are of 

profound interest, so that mechanical properties may be modified. In order to investigate this 

for the present build configurations, samples were taken from SLM wall 1 and blocks and 

were annealed at 1380°C for one hour, which is the standard recrystallisation temperature of 

conventional processed as-extruded PM2000. Prior to the heat treatment, the samples were 

sealed in a quartz ampoule including an Ar-H mixture to reduce oxidation, as was described 

earlier. The samples were cross sectioned, etched and studied by optical microscopy; typical 

micrographs in two viewing orientations for both conditions are shown in Figure 137. 

However, the treatment did not result in any visible changes in morphology when compared 

with as-grown samples (Figure 111, Figure 135).  

5.6 Preliminary FEG-SEM and TEM studies on the buil d 
configurations developed 

Preliminary FEG-SEM and TEM studies on the build configurations 
5.6 

The retention of a fine dispersion of nanoscopic precipitates in the optimised builds is a key 

criteria and initial microscopy was conducted to evaluate this property for the builds 

produced in this chapter. Within this thesis only initial, mainly FEG-SEM, studies could be 

conducted and future, for instance TEM, work is required to investigate the situation in more 

detail due to several issues associated with the FEG-SEM technique applied (re-deposition of 

particles, preferential etching, magnification limit, etc.). Therefore, as mentioned in previous 

sections, information gained here using FEG-SEM should only be considered as a  
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Figure 136: SEM conducted on the cross section of a typical inclusion  revealed a similar 

structure than previously described O, Al and Y-rich nodules on the surface.  
The micrographs show (a) a SEM-SE image and (b,d) SEM-BSE images (compositional contrast) of 
the structure in different magnifications. EDX data are provided in the form of (a) a line scan and (f-j) in 
the form of elemental maps.  
Inclusion_1.jpg 
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Figure 137: Images obtained by optical microscopy of etched cross sections of annealed 

samples at 1380°C for 1h .  
No visible changes of the grain morphology could be achieved with the treatment.  
Recrystallisation_Experiment.jpg 
 
preliminary suggestion. In this regard, etched micrographs were produced in the way 

mentioned previously and randomly chosen areas were investigated by FEG-SEM. After the 

retention of precipitates could be confirmed, a first TEM study using thin foil samples was 

conducted on as-grown builds and the precipitate size distribution was determined.  

 
Particle evolution in SLM wall 1 

SLM wall 1 represents the build subject to the lowest heat input and is therefore interesting 

to study since particle evolution at different distances from the wall top into the material 

were subject to a different number of repeated heating cycles. In this regard, a sample was 

prepared in a similar way to the hexagon build in Chapter 4 (sub-section 4.6.5 on page 106). 

Figure 138 illustrates key results of the study of an etched cross section investigated within a 

distance of 1 mm from the wall top. In the material, which was not subject to repeated 

heating cycles (I), there was only a low number of dispersoids in most regions. This low 

number might well be re-deposited precipitates originating from deeper zones of the build 

suggesting a complete absence of dispersoids near the wall top. Alternatively, the size of the  
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Figure 138: Secondary electron images of an etched cross section of SLM wall 1 with 

different distances from the wall top illustrating the evolution of dispersoids.  
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precipitates might be below the resolution of the FEG-SEM used. Other regions were also 

apparent, close to the wall top, with a particle dispersion similar to II, which might have been 

caused by mixing with re-molten material during deposition. Deeper in the wall, after ~2-3 

deposited layers, the number density of particles was greatly increased (Figure 138c), similar 

to observations in Chapter 4 for the honeycomb build close to the wall top. Agglomerations 

of particles were occasionally observed, which might be caused by the sample preparation 

process. After a distance of ~300 µm from the wall top (III), particles appeared to have 

slightly coarsened and after ~1 mm (IV) an equilibrium state was reached after which no 

further coarsening or other modifications were noticeable. There was also no significant 

variation in precipitate size, morphology or number density between the centre or the side of 

the wall (V). 

 
FEG-SEM work on the different build configurations 

Chapter 6 focuses on mechanical testing of SLM wall 1, SLM wall 3 and the optimised solid 

block configuration (from now on only referred as solid block) in both the as-grown and 

annealed (1200°C / 1h) condition. Samples taken from a conventional fabricated PM2000 

bar (as-extruded / recrystallized) were used as a reference material. In order to get a first 

impression of the presence of ODS particles in these builds and to support discussions in 

Chapter 6, the material configurations were prepared, etched in an US bath with the surface 

facing downwards and investigated by means of FEG-SEM. Typical nanographs from the 

centre of the builds are displayed in Figure 139.  

A fine dispersion of precipitates was apparent in the as-extruded and in the recrystallized 

(1380°C / 1h) bar material and the size distribution of dispersoids appeared to be similar 

between both configurations. These were also similar to the size distribution of particles in 

SLM wall 1 in the as-grown condition. As was shown in Chapter 4, annealing of SLM wall 1 

has probably coarsened some precipitates, while probably new, fine particles appeared. 

Coarse and fine precipitates in a similar range than before were also apparent in SLM wall 3 

in the as-grown condition, which appeared not to have changed during the annealing step 

conducted. A similar observation was also the situation in SLM block builds, where the post-

build heat treatment did probably not further coarsen precipitates. These appeared however 

to be coarser than those in SLM wall 1, or in the bar material. The size distribution of 

secondary phase particles in these key SLM builds in the as-grown condition will be 

determined from TEM thin foil micrographs in the next sub-section in order to obtain more 

reliable data.  

 
TEM work on dispersoid distribution and size analysis 

Thin foil samples of the as-grown condition of SLM wall 1, SLM wall 3 and of the solid 

build were prepared and investigated by means of TEM. For the electron transparent region  
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Figure 139: Secondary electron images of an etched cross section of conventionally 

produced PM2000 and SLM builds in the as-grown and annealed condition. yyy 
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of the samples studied, a fine homogeneous distribution of typically globular shaped 

dispersoids was apparent as shown for the sample taken from SLM wall 1 (Figure 140). This 

observation was similar for SLM wall 3 (Figure 141) and for the solid block build (Figure 

142), respectively. Agglomerations or areas having a preferential size distribution of ODS 

precipitates were not observed during this study and the number of precipitates located on 

grain boundaries was not significantly increased compared to the matrix and their size was 

similar (Figure 140b).  

 
Figure 140: TEM-BF images of a sample taken from SLM wall 1 .  

Part (a) displays that a fine dispersion of nanoscopic precipitates was apparent in the matrix, but (b) 
precipitated in some cases on grain boundaries.  
1x_TEM_lowmag.jpg   34 36   
 
[f]The oxide particle size distributions from the three sample configurations was compared 

with that of conventionally processed recrystallized PM2000 (Figure 143); 200+ precipitates 

per group of randomly chosen areas in 30,000× magnification were analysed18. Particles less 

than 10 nm in diameter were present in low numbers and could not be analysed easily due to 

contrast issues as a result of large numbers of dislocations in the samples. The sample taken 

from SLM wall 1 showed a diameter size distribution with a main peak at ~25 nm compared 

with a main peak at ~30nm for the extruded and recrystallized PM2000. SLM wall 3 had 

finer dispersoids with a main peak at ~17 nm. Particle diameters in the solid builds were 

much greater than the wall structures with a main peak between 30 and 35 nm and a high  
  

                                                           
18 Number of nanographs analysed: SLM wall 1 (25), SLM wall 3 (55), Block (37) 
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Figure 141: Four randomly chosen TEM-BF images taken from SLM wall 3 .  

3x walls TEM.jpg 
 
number density of precipitates up to a particle diameter of ~60 nm.[] The observations will be 

extensively discussed later since this indicates a similar formation mechanism to that 

previously postulated to explain the observations in Chapter 4. The observations are also 

relevant to explain mechanical properties obtained, which are the emphasis of Chapter 6. 

  
Particle morphology 

A brief HRTEM study on the thin foil sample taken from SLM wall 1 revealed that there are 

a number of different species of dispersoids. Further, more detailed studies are essential to 

accurately characterise them including their evolution in a way as was already mentioned in 

the conclusions section of Chapter 4. Figure 144 shows the main types of the dispersoids 

observed in SLM wall 1. Similar to the observations in the wall structure in Chapter 4, 

smaller (< ~50 nm) dispersoids typically included various phases and the shape was usually 

globular (Figure 145a). Occasionally, precipitates were apparent throughout the dispersoid 

size range, which showed a morphology, suggesting nucleation followed by growth of 
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Figure 142: Four randomly chosen TEM-BF images taken from an optimised solid block 

build.  
Blocks_TEM.jpg 
 
 

 
Figure 143: Dispersoid size distribution of thin foil samples taken from SLM builds, compared 

with those of conventionally processed recrystallized PM2000 using TEM nanographs.  
 Size_distribution.tif 
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Figure 144: TEM-BF images of different types of dispersoids observed in a TEM thin foil 
sample taken from SLM wall 1 (as-grown).  

yyy Different morphology        high number of squared particles #23 spiegeln!!  might represent a pre-form 
 

 
Figure 145: TEM-BF images of small dispersoids, which interact with dislocations observed 

in a TEM thin foil sample taken from SLM wall 1 (as-grown).  
yyy Dislocation interaction.jpg 
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structures onto each other (Figure 144a). Certain dispersoids in this size range were also 

facetted as shown in Figure 144b. Large (> ~50 nm) precipitates were in most cases globular 

shaped and consisted of a relatively low number of different phases as marked in Figure 

144c or perhaps consisted of just one single phase (Figure 144d). As shown in Figure 145, it 

was obvious that small particles (< ~30 nm) often interacted with dislocations. 

5.7 Discussion 
5.7 
Discussion 

5.7.1 Parameter development to optimise parameters for thin walls 
(SLM wall 1) 

Build optimisation 

For the array of walls grown using a laser power of 50 W, it was shown that the required 

(calculated) energy input to fabricate builds having best integrity needed to be between ~250 

and ~650 J/mm. Below this regime, the laser energy was not sufficient to fully consolidate 

the metal powder, resulting in porous builds, while above, the power is too high, resulting in 

increased melting effects and balling. Within that regime, lower ET and lower PD lead to an 

improved surface finish and stability of the laser hatch line, even if the energy input per unit 

length remained on a similar level. This is perhaps associated with a reduction of the 

distance between the individual laser spots during SLM each having less energy than more 

intense spots with a larger distance between them. As a consequence, there would be 

beneficial effects, such as an increased melt pool stability or plasma constancy, which would 

facilitate the formation of a smooth laser hatch line.  

Using full laser power (188 W), the exposure times were significantly shorter, but the 

individual spots were therefore more intense, which can well lead to a higher pressure of Ar 

gas and/or vaporised metal near the irradiated zone due to rapid heating, which may have 

caused spread of metal powder perhaps forming the debris observed. A colour change of that 

material was obviously due to oxidation of the heated powder with remaining O in the 

building chamber as was indicated by work presented in Chapter 6. The presence of the 

observed debris on top of the powder bed during processing perhaps increased the thickness 

of the powder layer and, hence, resulted in the effect that the deposition was disturbed. Also 

the wetting behaviour can well be affected negatively by this deposit or the beam properties 

might be changed ('energy, spot diameter, or intensity profile') as was mentioned by Ferrar et 

al. (2011)[372]. A method to reduce debris deposition might be pre-sintering of the alloy 

powder for each deposited layer using reduced laser energy, which would probably reduce 

the localised vapour/gas pressure near the fusion zone, which lead to spread of metal 

powder, followed by a more intense successive consolidating scan. Such a treatment would 

avoid loose powder that could be moved during processing, perhaps by gas pressure. More 
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details on this scanning strategy are given at a later stage and suggestions are proposed for 

other advantages in SLM processing of ODS materials.  

While using 50 W laser power, the build integrity of walls of the fabricated array was best 

for the region near the parameters of SLM wall 1. The low wall thickness and high density 

for builds fabricated using that setting was beneficial for further work. Hence, this 

configuration was used as a starting point to add further parallel walls to produce thicker 

walls and solid builds. Enhanced edges of the walls produced as marked in Figure 107a have 

been studied by Yasa et al. (2009)[373]. It has been explained in that work that at the 

beginning of the scanning process the melt pool is surrounded by powder particles, having a 

low thermal conductivity, which are dragged into the melt pool, which leads eventually to an 

increased melt pool size in that region[373]. The thinnest wall thickness achieved (~130 µm) is 

still thicker than the diameter of the laser beam in focus (~30 µm), which might be on one 

hand associated with plasma formation, which is known to spread the laser beam (as was 

discussed before). On the other hand, another influencing parameter is the size of the melt 

pool and thus the wall thickness, which is dictated by the size of the powder particles, which 

are dragged into the melt pool during processing[374].  

 
Microstructure of the optimised build 

The grain shape viewed from the top of the build was typical of SLM processes, and is 

influenced by the geometry of the melt pool as heat flow and grain growth occur 

perpendicular to the liquid/solid interface, leading to the morphology observed[262]. In 

contrast to castings, where the solidification process is characterized by nucleation and grain 

growth, directional solidification processes, e.g. of Al, Ni and Fe-base alloys, are known to 

form elongated grain structures oriented along the [001] direction grown epitaxially from 

grains formed during deposition of the previous layer[243,268,375]. The transition from liquid 

into solid starting at the sides of the wall and progressing towards the central line might lead 

to rarely observed pores due to shrinkage in that zone.  

 
O, Al and Y-containing nodules on the wall surface 

Three main types of individual features included in the O, Al and Y-containing surface 

nodules were determined and were investigated by EDX. Facetted objects with a lower 

average atomic number (lower Z-contrast) than the other compounds showed an elemental 

composition, which was similar to Al2O3 (60O-40Al, all in at.%). Another structure type 

showed also a facetted morphology having obviously a higher average atomic number 

(higher Z-contrast) and had an elemental composition, which fitted well to YAG (60O-25Al-

15Y, all in at.%). The other type, globular particles, rich in Cr and Fe had a Cr/Fe ratio 

similar to PM2000 (21Cr-79Fe all in at.%; displayed as Cr+Fe = 100 at%). The volume 

fraction of such surface nodules on the present build appeared to be significantly lower than 

on the hexagon structure, which shows that the optimisation work lead to a reduction of the 
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formation of such structures and, consequently, to a higher level of Y retained in the builds. 

As suggested by a rapid decrease of the O content in the building chamber during the early 

stages of processing, continuous oxidation takes place near the fusion zone, leading to the 

formation of a scale on the melt pool as was, for instance, observed when processing SLM 

on Al alloys[287]. As suggested by an oxidation study presented later, SLM-deposited 

PM2000 oxidised (isothermal at 1100°C in laboratory air) with the formation of α-Al 2O3 and 

EDX/XRD data indicated additionally YAG. It was shown for SLM of an Al alloy that an 

Al-rich scale forms near the fusion zone during SLM[287], which might also well be similar to 

the present material. Due to Marangoni stirring, this scale might break and float and even 

partly melt, due to high temperatures in the zone of laser beam/material interaction. The 

melting temperature of PM2000 (1482°C[48]) is considerably lower than, for instance, α-

Al 2O3 (2072°C[376]) and typical Al-Y oxides (1905-1977°C[107]). Also the density of α-Al 2O3 

(3.98 g/cm³[377]) and Al-Y-O (4.12-5.35 g/cm³; Table 6) is lower than that of PM2000 

(1483°C[2]) and, thus floating would be possible. _589 _478  

 

5.7.2 Parameter development to fabricate thicker wa lls (SLM wall 2 and 
SLM wall 3) 

For thicker wall arrays fabricated with both two and three scans per layer, a zone with a low 

level of build defects (pores and inclusions) was determined within the deposit laser hatch 

lines fully fused with each other. An increasing D resulted in a loss of this overlap and the 

presence of porosity and inclusions near the interface. Inclusions of this types were very 

likely of the same type of nodules that segregated to the surface. Decreasing D ≤ 75 µm 

resulted in an increase of inclusions within the build, which might be attributed to a 

mechanism where material forming surface nodules are incorporated into the build. One 

reason for this are unstable disrupted melting conditions, as indicated by the preferred 

location of these inclusions within the build. The deposition of disrupted laser hatch lines for 

an increase in D and ET would lead to pore formation and incorporation of O, Al and Y-rich 

material.  

The analysis of the relative density ρrel revealed that the most dense walls were built with  

D = 100 µm and ET = 95 µs, which is very close to the parameters determined previously of 

SLM wall 1 with an average calculated overlap of 30 µm, illustrated in Figure 146. The loss 

of heat energy due to thermal conduction, probably associated with the very rapid scan 

velocities in SLM, appeared to be minor since an increase of the ET did not improve the 

build integrity.  

Similar to the case of walls fabricated with the parameters of SLM wall 1, the grains were 

elongated along the growth direction, but significantly shorter and more disturbed. An 

explanation is the deposition of parallel scans in Y-direction (as marked in e.g. Figure 124 or 

Figure 127) next to each other leading to successive changes in the orientation of the heat 
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Figure 146: Illustration of a model (top view) of the deposit laser hatch line configuration 

used to fabricate wall consisting of two or three parallel laser scans per layer. The 
dimensions displayed are in µm.  

 
flow. As a consequence, competitive epitaxial growth might be disturbed leading to the grain 

structure observed. A similar mechanism for the growth of elongated grains through deposit 

layers (along the growth direction) can be presumed for the effect observed where the grain 

structure grows through the interface between laser hatch lines (in the Y direction).  

Small pores observed along the scan line appear to be identical with those observed on SLM 

wall 1.  

O, Al and Y-rich material, forming nodules on the surface probably floated on the melt pool 

during processing. Smoothest hatch lines may result from this material not being 

incorporated as inclusions in the optimised wall builds. The volume fraction of such surface 

nodules was probably similar to those on thin walls, which can be explained by similar 

thermal conditions during processing.   

 

5.7.3 Development of parameters to grow solid struc tures 

When developing parameters for solid builds, the use of low ET's and low HD's lead to a 

high surface roughnes. As a consequence, the growth process was strongly disturbed and the 

level of porosity in such builds was very high. Higher ET's and HD's resulted in an 

improvement of the situation as surface roughness and porosity were strongly decreased. The 

fact that the scan direction was altered by 90° after each deposit layer also lead to the 

previously deposited layer providing an uneven base for the following slice. Both effects can 

well cause a disturbed deposition process leading to the incorporation of O, Al and Y-rich 

material floating on the melt pool (see sub-section 5.2.2) and porosity for certain parameters. 

Further increasing of the ET and, hence, the energy input would probably lead to strong 

balling effects caused by large meltpools as was discussed elsewhere[287]. On the other hand 

there might also be unwanted effects on the precipitates (coarsening, agglomeration) as was 

observed when growing SLM-PM2000 thin walls using an increased energy input[15].  

It was observed that the relative density increased with increasing ET up to a certain point 

and decreased when the ET was further increased. This is obviously associated with the 

smoothness of the individual molten tracks. Too high scanning speeds (low ET's) result in 
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breakage of the hatch lines and too low traverse velocities (high ET's) result in wider weld 

tracks, but also balling, as was observed by other researchers[252]. Another effect was the 

increase of O, Al and Y-rich inclusions with higher ET's, which need to be avoided as Y is 

essential in the alloy to form strengthening precipitates. _516  

Compared to the wall builds in this chapter, the optimised settings developed lead to a 

reduction of the traverse velocity from 0.16 m/s to 0.10 m/s. A result of this was a change of 

the melt pool shape and a larger amount of molten and re-molten material, which is indicated 

by wider hatch lines for the optimised solid cubes compared to the wall builds. A strongly 

stirred grain structure indicates additionally that each successive laser scan probably resulted 

in re-melting of more than one previously deposited layer. However, this obviously 

overcomes unevenness of the previously deposited layer with values higher than the deposit 

slice thickness. In Chapter 6, dust formation when scanning large areas will be described but 

during the present work it remained unclear if such dust deposits on a smaller scale, very 

close to the hatch lines affected the present solid builds. If this is the case, a negative effect 

on adhesion of the molten material would be possible leading to enhanced porosity. The 

build integrity of the solid build developed is not ideal, but further optimisation work was 

not conducted due to the reasons stated previously.  

The conditions during SLM are similar for both walls and solid builds, which explains a 

stirred microstructure. The applied cross-hatching strategy obviously contributes to the 

resulting grain shape, since the direction of scanning and, consequently, the direction of the 

thermal gradient was altered by 90° after each deposit layer.  

 

5.7.4 Recrystallisation 

The thermal conditions (1380°C / 1h) of the recrystallisation experiment conducted lead 

conventional processed as-extruded PM2000 to fully recrystallize, which was obviously not 

the case for both SLM wall 1 and the solid configuration. As was described before, the 

stored energy in the material is well known as the driving force for recrystallizaton. In 

practice this stored energy is induced to the materials by cold working, which leads to a high 

dislocation density. In SLM materials, this dislocation density is lower and, thus, the stored 

energy is too low to initiate recrystallisation. A similar observation was noticed by Chen et 

al. (2010)[379], who could not initiate recrystallisation at 1380°C / 1h of hot rolled (and 

consequently dynamically recrystallized) PM2000, which was explained by this lack of 

dislocations; strong bending, however, could increase the stored energy and initiate 

recrystallisation[379]. _37_65_468 _469_194 _330_529_530  
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5.7.5 Preliminary FEG-SEM and TEM on the optimised builds 

A fine and homogeneous ODS particle dispersion was apparent in TEM thin foil samples 

taken from the various fabricated and optimised SLM build configurations. A detailed 

analysis of the dispersoid size distribution found that SLM wall 1 included dispersoids in a 

size distribution similar to conventionally produced recrystallized PM2000, while for SLM 

wall 3 the main peak of precipitate distribution was significantly smaller, but there were also 

coarse particles. Dispersoids in the solid build were significantly coarser than both walls 

investigated. As was mentioned before, grain boundaries were no preferred 

nucleation/growth sites.  

An explanation is that, as was suggested in the discussion in Chapter 4 (page 129) and from 

FEG-SEM work, the formation of dispersoids occurs predominantly in the matrix. This 

would also suggest that there are initial ultrafine particles present acting as nuclei, perhaps 

surviving the MA and melting processes. If this is the case, then SLM would be a well suited 

process to manufacture components out of ODS materials. In the as-grown SLM wall 1, a 

certain amount of Y might still be in atomic solution or in these very fine nanoclusters 

mentioned as this build represents the build configuration subject to the lowest heat input of 

the builds produced due to less repeated heating cycles during SLM deposition. It was shown 

by Williams et al. (2010)[83] that Y diffuses slowly into nanoscopic precipitates in α-Fe 

matrix[83], which explains the slow growth of precipitates. Similar to the explanation offered 

for the observations in Chapter 4, an increased heat input (during growth or during post-build 

annealing) results in nucleation and growth of dispersoids by consuming this Y, while 

formed previously dispersoids may coarsen perhaps also influenced by the chemical affinity 

to Y of the compounds involved. Coarsening of precipitates in conventional PM2000 during 

high temperature annealing is a known effect[75]. The sample taken from the solid structure 

might represent an advanced state of this mechanism as the heat input is obviously the 

highest of the builds investigated, and therefore, the source of atomic Y was exhausted after 

a certain period of time and the precipitates were subject to Ostwald ripening, leading larger 

particles grow on the expense of the small ones. This theory serves also to explain results on 

microtensile testing of the three build configurations, which will be discussed in Chapter 6 

on page 198 and, consequently, the two discussion sections slightly overlap. The role of 

other elements in this procedure remains unclear as the presence of a number of elements 

were confirmed in dispersoids having multiple phases, which were subject of Chapter 4. _488   

The morphology of the dispersoids observed appear to be similar to observations in Chapter 

4, but further TEM work is needed to fully characterise the situation as well as particle 

evolution. The FEG-SEM based studies conducted on precipitates on etched specimens are 

subject to a number of limitations and should only be regarded as a preliminary 

investigation.  
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5.8 Chapter summary 
Chapter summary 
5.8 

SLM processing parameters were developed for walls fabricated with one (SLM wall 1), two 

(SLM wall 2) and three (SLM wall 3) parallel laser scans per deposit layer and solid 

structures by growing arrays of the same type of builds and manipulating processing 

parameters systematically. 

 
Parameter development to fabricate thin walls using one laser scan per deposit layer to 

produce the wall thickness (SLM wall 1) 5.2 

It was shown that simple walls fabricated with one laser scan per deposit layer, grown with 

50 W rather than the maximum power of the SLM machine (188 W) lead to a significantly 

enhanced surface finish and to a reduced porosity of the builds, even if the energy input 

remained similar for both individual arrays. Hence, further work was conducted using 50 W 

laser power. The zone to produce thin walled builds having the best integrity was found to be 

between an energy input calculated of 250 and 650 J/mm. A parameter refinement found an 

optimum surface quality and smoothest laser hatch lines together with a relatively low wall 

thickness of ~130 µm using 50 W laser power, ET = 90 µs and PD = 15 µm using a layer 

thickness of 50 µm and the resulting build configuration was referred to as SLM wall 1. 

These parameters were used at a later stage as a starting value for further parameter 

development. SLM wall 1 showed a double crescent shaped grain morphology when viewed 

from the top of the build, while the central line of this structure appeared to be the bond line 

between individual grains. When viewed from the side, grains were oriented along the SLM 

growth direction and several mm long. Such a morphology is typical for SLM builds and 

was caused by a directional solidification along the thermal gradient and grains growing 

through several deposit slices exhibiting a fibre texture in [001] direction. Small (< ~10 µm), 

probably shrinkage pores or gas inclusions, were observed occasionally near the scan line. A 

certain amount of Y, originally included in the alloy, formed nodules on the surface of all 

builds in this chapter and was investigated in detail for the optimised thin wall build. Results 

from SEM and EDX studies suggested that such structures were composed mainly of two 

types of features - one containing O and Al in a ratio similar to, for instance, Al2O3 (alumina) 

and one of O, Al and Y, in a ratio similar to YAG. The formation mechanism of those 

nodules is probably due to scale formation during processing as agglomerations of 

dispersoids were never observed. It was shown that these surface nodules for configurations 

developed in this chapter had a similar appearance, but their volume fraction was probably 

lower compared to walls of the non-optimised build in Chapter 4. 

 
Parameter development to fabricate thicker walls using two (SLM wall 2) and three (SLM 

wall 3) parallel laser scans per deposit layer to produce the wall thickness 5.3 

Manufacturing settings were developed successively for thicker walls by applying two (SLM 

wall 2) or three (SLM wall 3) parallel laser scans per deposit slice. A maximum relative 
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density of > ~99.5 % could be achieved using the values determined for SLM wall 1 with a 

distance between the scan lines of 100 µm. The scan strategy for the wall manufactured with 

three parallel laser scans per deposit layer was to scan the outer lines first, followed by 

scanning of the inner line. The builds showed a similar microstructure to SLM wall 1. 

 
Development of parameters to grow solid structures 5.4 

Simply adding multiple scans with the same distance of 100 µm next to each other resulted 

in porous builds after the number of ~8 deposited hatch lines. Thus, another approach was 

applied where processing parameters for solid builds were developed by fabricating arrays of 

small (5×5×5 mm³) freestanding cubes with systematically altered settings. After pre-tests to 

determine the parameter range, an array was fabricated within which the manufacturing 

settings PD = 15 µm, ET = 150 µs and HD =150 µm lead to a highest relative density 

observed of > ~98.5%, while using a cross-hatching strategy. These parameters lead 

obviously to wider hatch lines than those present on previously manufactured wall builds, 

but perhaps overcame issues leading to a significantly higher number of build defects (pores 

and inclusions) when using the settings developed for wall builds (ET = 90 µs, PD = 15 µm) 

and applying a cross-hatching strategy. The top surface of the optimised structure showed 

high surface roughness indicating non-optimum consolidation conditions, which might have 

led to a disturbed deposition process. Consequently, as detailed at the end of this sub-section, 

additional studies are necessary to further improve the build process of solid structures which 

might lead to a further reduction of pores and inclusions, but might be complex. For the 

purposes of this work, the resulting solid build configuration was sufficient. The optimised 

solid build showed a similar stirred microstructure to the wall structures when viewed from 

the top of the build and an elongation of the grains along the SLM growth direction. 

However, perhaps due to a decreased traverse velocity from 0.16 m/s (wall builds) to  

0.10 m/s, the melt pool was obviously liquid for a longer time leading to enhanced mixing in 

liquidus, which might explain the stronger level of stirring in the grain structure of the solid 

build configuration.  

 
Recrystallisation experiment 5.5 

Of profound interest to enhance creep properties of SLM structures are strategies to coarsen 

the microstructure. This was attempted by applying a post-build heat treatment at 1380°C for 

1h, which lead typically to a fully recrystallisation of the conventional version of PM2000 in 

the as-extruded state. When conducting this annealing step on SLM builds of this study (thin 

walls and solid builds), no manipulation could be achieved when visually studying 

micrographs. An explanation might be that the dislocation density in the SLM builds was too 

low and did not initiate recrystallisation under these conditions. Large deformation followed 

by high temperature annealing of these builds might initiate secondary recrystallisation, 

which can be an interesting subject to investigate.  
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Preliminary FEG-SEM and TEM studies on the build configurations 5.6 

A FEG-SEM based study on SLM wall 1 suggested that, similar to observations in  

Chapter 4, deposit material was particle-free or contained only a low number of particles 

when it was put down. During repeated heating cycles during growth, dispersoids appeared 

to nucleate and grow, reaching an equilibrium state after ~1 mm from the top surface after 

which no further modification could be observed. An investigation by FEG-SEM suggested 

that a fine dispersion of particles was apparent in SLM wall 1, SLM wall 2 and in the solid 

block build in the as-grown and annealed (1200°C / 1h) condition. Thin foil samples were 

taken from these builds in the as-grown condition and were investigated by TEM. For all 

three build configurations a fine homogeneous distribution of particles could be confirmed in 

the electrontransparrent regions investigated. The observations suggested that a certain 

amount of Y might be retained in atomic solution or present in nanoscopic clusters (perhaps 

surviving MA and melting) in SLM wall 1, which might act as nuclei for particle growth. 

For SLM wall 3, the increased number of repeated heating cycles during SLM build perhaps 

resulted in nucleation and growth of nanoscopic dispersoids in the solidus by using this Y. 

This might explain the high number density of small precipitates in SLM wall 3, but also the 

coarsening of other particles as well. The solid configuration, representing the highest heat 

input of the structures investigated, showed coarser precipitates, which were initially very 

fine, but might have coarsened due to the significantly higher heat input during processing.  
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6 Microtensile and creep tests on optimised SLM walls and solid structures and manufacturing of the test samples 

Chapter 6 

Microtensile and creep tests on optimised 
SLM walls and solid structures and 
manufacturing of the test samples 

 
 
This chapter starts with a statement on the motivation for the tensile and creep experiments 

(6.1), which were conducted. The steps leading to the fabrication of raw parts for mechanical 

test samples are presented in sub-section 6.2. A brief study on the grain structure of a 

reference material (conventional fabricated extruded PM2000 bar) for the tests is the 

emphasis of paragraph 6.3, while part 6.4 focuses on investigations of possible changes of 

the grain structure near the EDM cut line induced during sectioning of the mechanical test 

specimens. An overview of the materials tested and pre-test conditions is given in (6.5) 

followed by presentations on mechanical microtensile (6.6) and creep tests (6.7). Finally, 

sub-section 6.8 discusses results and paragraph 6.9 presents the conclusions of this chapter.  

6.1 Motivation 
 
 

This work was carried out in order to evaluate key mechanical properties of novel SLM-

ODS builds and to compare them with conventional fabricated PM2000 (extruded bar) and 

literature data. The mechanical tensile response was studied at room temperature to learn 

about the key mechanisms before conducting further studies and testing at elevated 

temperatures.  

6.2 Manufacturing of mechanical test samples 
6.2 
Manufacturing of mechanical test samples 

This sub-section describes steps undertaken to fabricate raw parts for mechanical test 

samples using the optimised parameters developed in Chapter 5.  

 
Fabrication of the first series of SLM builds and issues associated with dust deposition on 

the powder bed during manufacturing 

The first series of SLM builds fabricated was intended to act as raw parts for mechanical test 

samples and consisted of walls having three different wall thicknesses (SLM walls 1, 2, 3) 

and five solid block builds, which were arranged along the direction of gas flow. The build 

configurations will not be described in detail as the fabricated builds were not used for 

further studies. As mentioned previously, the order of laser scanning of the features during 
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the growth process was towards the direction of the gas stream. When observing the growth 

procedure visually, it was found that a fine layer of dust (darker than as-MA powder) 

deposited on top of the powder bed during the scanning procedure of each individual layer in 

a zone marked in Figure 147a. This zone was close to the large areas scanned for fabricating 
  

 
Figure 147: Fabrication of the first series of SLM builds originally intended to act as raw parts 

for mechanical test samples.  
Strong dust deposition on top of the powder bed near large scanned regions. Microscopy conducted 
from top of the builds revealed disturbed hatch lines and a significantly increased level of porosity in 
regions subject to dust deposition. The images show (a) a photograph of the situation after fabricating 
the final layer and SEM-SE images from the top surface of a block build grown (b) furthest away from 
the gas nozzle and (c) a block build grown closest to the gas nozzle. The figures (d) and (e) show 
optical micrographs from samples taken from both configurations.  
Fume_deposition.jpg   
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solid builds and expanded with an increasing distance along the direction of the gas stream. 

In the zone near the wall structures, dust was not observed. The top surface of a solid build 

grown in a region without visible dust formation displayed slightly overlapping, but not 

disturbed, hatch lines when viewed from the top of the build (Figure 147c). In contrast, a 

solid block grown in the zone subject to strong dust deposition exhibited hatch lines which 

formed voids and did not fully fuse together when viewed from the top of the build  

(Figure 147b). Microscopy was conducted on cross sectional samples of both builds. The 

sample grown in the dust free region showed a low level of porosity and the relative density 

of the micrograph displayed in Figure 147e was determined as 98.8%, which was similar to 

values determined during the optimisation procedure of this structure type in sub-section 5.4 

on page 154 when using the same processing parameters. The other build, however displayed 

a far decreased relative density, which was determined as 94.9% using the micrograph 

displayed in Figure 147d.  

 
Investigation of particles of the dust 

Dust particles were collected from machine parts inside the SLM building chamber near 

regions of high dust levels. The dust particles were dispersed on a conductive adhesive 

carbon tape and were investigated by SEM. As shown in Figure 148, the study revealed that 

two main types of particles existed - a globular and an equiaxed type. EDX conducted on 

both particle types revealed a composition similar to PM2000, although the concentration of 

Al was increased to ~8-9 wt.% (PM2000: Al = 5.5 wt.%), which suggests an alumina scale 

on the surface. The size range of the particles observed was from ~1 µm up to ~30 µm, 

although globular species were typically smaller than the equiaxed type. The ratio of the 

appearance of those for the dust fraction investigated was ~1:4.  

 
Figure 148: A SEM-SE image shows two types of dust particles, a globular and an  

equiaxed type.  
EDX conducted on both types of species revealed an elemental composition similar to PM2000 with an 
increased concentration of Al suggesting the presence of an alumina scale around the particles.  



Microtensile and creep tests on optimised SLM walls and solid structures and... 6 

- 182 - 

The final builds 

Figure 149 shows the arrays of builds grown in a second approach. Large areas scanned in 

order to produce solid blocks were obviously the main source of dust. In order to minimise 

this effect, they were positioned now as much downstream as possible. As a consequence, 

dust deposition occurred in downstream direction of them, but not on the build space and, 

thus, detrimental issues on build density were minimised. The walls grown were stabilised 

by thin vertical ribs in order to prevent deformation during fabrication caused by residual 

stresses or by the wiping process. Such stabilising structures were designed so as not to be 

present in areas that were intended to be the gauge section of the test specimens. Solid blocks 

had the dimensions 25.4 (length) × 10 (width) × 12 (height) mm³, whereas walls were grown 

in all three developed thicknesses (SLM wall 1, 2, 3) in the dimensions 12 (height) × 9 mm² 

(for microtensile tests) / 25.4 mm² (for creep tests). During the fabrication process of these 

structures, no dust deposition onto the build space was observed. The final builds were 

removed from the substrate plate by EDM and mechanical test specimens were machined out 

of these as will be described later.  

 
Figure 149: A photograph of the walls and block structures subject of the present study, still 

connected with the substrate plate; walls were stabilised with vertical ribs.  
 
 
Hipping of porous solid builds 

In order to study the possibility of further consolidating solid builds displaying a high level 

of porosity, one of these structures with a high level of porosity was subject to a HIP 

procedure conducted by an external company. For an explanation of the process see page 8. 

The applied trial parameters were used typically for Ni-based alloys fabricated with electron 

beam melting (EBM) and cannot be presented in this work due to proprietary issues. 

However, an SEM study revealed that typical pores included in the HIPed sample  

(Figure 150b) exhibited a morphology that appeared to be subject to deformation and were 
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partly closed, while such effects were not observed in pores included in as-grown samples 

(Figure 150a). Consequently, the experiment suggests that it might be possible to fully close 

pores by the process using altered settings. The gas, however originally included in such 

pores would be compressed. HIP might offer a route to fully consolidate SLM builds which 

are porous, but include a optimum dispersion of ODS particles.  

 
Figure 150: SEM-SE micrographs of cross sections of two SLM solid blocks showing a 

typical pore.  
The images show (a) a pore in the as-grown condition and (b) a deformed and partly closed pore after 
HIPing.  
 
 

6.3 Investigations of the grain structure of conven tional 
fabricated PM2000 extruded bar 

Investigations of the grain structure of conventional fabricated PM2000 extruded bar 
6.3 

PM2000, conventionally fabricated (supplied by Plansee, Reutte, Austria), was provided in 

the form of an as-extruded bar. Several sheets with the dimensions 62 (length) × 24 (width) 

× 0.4 (thickness) mm were separated from this configuration along the extrusion direction 

using EDM. As was shown in Figure 16 on page 26, the grains from this material in the as-

received (as-extruded) condition were in the micron size range and were elongated along the 

extrusion direction. This could be confirmed by SEM using channelling contrast techniques 

(Figure 151a) and using etching (Figure 151b). Also recrystallized material of this type was 

considered for mechanical testing. In the latter case, some of the sheets were recrystallized at 

1380°C for one hour prior to machining of the test specimens. The result were very coarse 

grains elongated along the extrusion direction (Figure 151c). The grains had widths in the cm 

range and lengths as long as the samples. This morphology was similar to that observed on 

the cross-section of a full as-extruded PM2000 bar, which was recrystallized followed by 

cross sectioning[30] (Figure 151d). As will be described later, mechanical test specimens were 

machined from both sheet conditions by EDM and were mechanically tested together with 

specimens taken from SLM builds.  



Microtensile and creep tests on optimised SLM walls and solid structures and... 6 

- 184 - 

 
Figure 151: Results of a study on the grain structure of samples taken from an extruded bar 

before and after recrystallisation in sheet form.[d: 30] 
Part (a) is a channelling contrast image of the as-extruded condition and (b) displays an etched 
micrograph in the same state. (c) displays the grain morphology of an etched optical micrograph after a 
recrystallisation treatment of the material in shee t form . Part (d) shows an etched optical 
micrograph from a cross section of an extruded bar, which was recrystallized in bar form .  
PM2000_reference.jpg    _138   

6.4 Effects on the microstructure caused by EDM 
6.4 
Effects on the microstructure caused by EDM 

The EDM process may result in generation of high temperatures resulting in the formation of 

a heat affected zone near the cut line[302]. In order to investigate whether EDM had altered 

the microstructure of both SLM builds and extruded bar material near the cut line during 

specimen cut out, cross sectional samples of such configurations were investigated using 

channelling contrast techniques in an SEM. _510  

No changes in the grain morphology near the cut line could be observed in as-grown SLM 

wall 1. Two cut lines were observed along (Figure 152a) and perpendicular (Figure 152b) to 

the grain orientation. Other as-grown SLM builds and the recrystallized bar material were 

not investigated as it was believed that those would behave in a similar way as was 

suggested by previously described recrystallisation experiments. As-extruded bar material, 

however, occasionally showed an effect that appeared to be grain coarsening, probably 

recrystallisation, within a ~10 µm wide zone near the EDM cut line. The grains were 

elongated along the extrusion direction (Figure 152c,d). The zone exhibiting grain 

coarsening, however, was very narrow and, thus, the effect on mechanical testing of these 

regions was believed to be minor.  
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Figure 152: Investigation of the effect of the EDM process on the grain morphology of  

SLM builds and extruded bar material. 
Part (a,b) displays SLM wall 1 in the as-grown condition and (b,c) shows as-extruded bar material. "*" 
is the EDM cut line and "**" is the modified grain structure.  
 

6.5 Overview of the tested configurations 
Overview of the tested configurations 
6.5 
 

Table 23 summarises the materials and pre-test conditions from which tensile and creep 

specimens were fabricated. Regions close to the substrate plate of the SLM builds grown 

were not mechanically tested since the grains in this region were more equiaxed formed and 

developed a continuous morphology after ~2mm build height. On the other hand, regions 

close to the top of the build were excluded as well, since the size/number density of 

precipitates was perhaps lower than in the rest of the build. For SLM builds, the conditions 

used were as-grown and annealed at 1200°C for one hour in order to facilitate changes in 

dispersoid size distribution and their morphology, which were described extensively in 

Chapter 4 and 5. The relevant conditions of extruded bar material were both as-extruded and 
  

Table 23: Listing of the materials and pre-test conditions considered for tensile and creep 
testing.  

 As-grown / as-extruded 
condition 

annealed 
(1200°C / 1h) 

recrystallized  
(1380°C / 1h) 

SLM wall 1  (thickness ~130 µm) × ×  

SLM wall 2  (thickness ~230 µm) × ×  

SLM wall 3  (thickness ~330 µm) × ×  

SLM solid block × ×  

Extruded bar ×  × 
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recrystallized (1380°C / 1h). In all cases, annealing was conducted before machining of the 

specimens. Prior to the heat treatment, the samples were sealed in a quartz ampoule 

including an Ar-H mixture to reduce oxidation as was described earlier since oxide scales 

grown on test specimens can alter their mechanical properties[380]. SLM solid structures were 

annealed in block form and extruded bar material in sheet form. _447  

Creep and microtensile specimens were machined out of these raw parts by EDM. Details on 

the dimensions of the test specimens were presented previously (Figure 52 on page 81). 

Figure 153 illustrates the cut out scheme for microtensile test specimens. The designations Z, 

X, X 90°, which are displayed in Figure 153, will be used within this chapter to refer to the 

build and grain orientation of individual test samples. It should be noted that the coordinate 

system used for mechanical test samples is independent from that used for the presentation 

of the build in the SLM machine (Figure 147 on page 180). Samples taken from SLM builds 

were oriented along (Z) and perpendicular (X) to the build direction (main grain orientation) 

and were additionally turned by 90° (X 90°) for solid builds. Specimens taken from solid 

SLM builds had a thickness of ~350 µm, while that of the extruded bar was ~400 µm. 

Specimens taken from the extruded bar were tested along (Z) and perpendicular (X) to the 

extrusion direction (main grain orientation).  

 
Figure 153: Illustration of microtensile specimens  taken from SLM walls and blocks and 

from an extruded bar. The images are not in scale.  
 
Despite the small size of the specimens there were still a relatively large number of grains in 

the gauge section for the SLM builds, which is illustrated for the case of SLM wall 1 in 

Figure 154. 

Figure 155 illustrates the test arrangement originally envisioned for creep testing. However, 

only some key samples could be mechanically creep tested due to several reasons, which 

were temporal constraints and the fact that the test equipment was not suitable for SLM build 

wall structures as the load of the test equipment itself led to immediate rupture of these. Due 

to size limitations of the SLM builds fabricated, testing along the growth direction was not 

possible. The thickness of creep specimens taken from SLM solid blocks was ~1 mm in 

order to facilitate testing.  
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Figure 154: Optical micrographs of the utilized test specimens shown for the example of 
SLM wall 1 for testing perpendicular to the growth direction (X).  

The individual parts show images of the same test specimen acquired by optical microscopy. Part (a) 
shows the part in the as-machined condition and (b) shows the same piece conventionally mounted, 
prepared in cross section and etched to reveal the grain structure.  
  
  

 
Figure 155: Illustration of creep specimens  taken from SLM walls and blocks and from an 

extruded bar. The images are not in scale.  
 

6.6 Microtensile testing 
6.6 
Microtensile testing 

[e]Each build configuration was tested twice and as mentioned before, the tests were conducted 

at room temperature before executing high-temperature trials in future studies. During 

testing, it was found that slight slip of the tensile specimens occurred within the grips, which 

lead to deformation of the grip section and axial displacement of the area monitored by DIC 

along the test direction. This resulted in minor deviations of the measured strain values and, 

consequently, determination of the individual Young's moduli were inaccurate. On the other 

hand, the 0.2% offset yield stress (YS0.2) is determined as a parallel offset to the elastic region 

in the stress-strain plot and is therefore less sensitive to minor deviations of the acquired 

strain values. In this work, the overall YS0.2 was determined from sets of specimens, but the 

Young's modulus was measured only on those specimens which did not suffer from clamp 

slip issues. Post test imaging and analysis was only conducted on specimens which had been 

only marginally affected by slip within the grips. The as-extruded reference material 

exhibited a submicron-sized uniform grain structure and an absence of porosity, and the 
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specimen surface was polished. Therefore, multiple tests on this sample configuration were 

used to determine the standard deviation of the stress to be within ±7 MPa and the Young’s 

modulus to be within ±10 GPa. []  

 
Tensile behaviour and fracture morphology 

[g]Figure 156 presents key types of stress-strain curves observed; specimen configurations are 

summarised in Table 24. The fracture surfaces of these failed test specimens are displayed in 

Figure 157. Figure 158 shows the etched cross sections in low (optical) and higher (SE) 

magnification. The fracture surfaces of as-grown (I) and annealed (III) wall builds, tested 

perpendicular to the grain orientation (X), did not differ significantly and showed in both 

cases a brittle fracture parallel to elongated grain boundaries without significant necking.  

Table 24: Description of key specimens investigated further.  
No Build configuration Condition Direction of test stress 

I SLM wall 2 as-grown X 

II SLM wall 1 as-grown Z 

III SLM wall 3 annealed X 

IV SLM wall 1 annealed Z 

V SLM block as-grown X 

VI Extruded bar recrystallized Z 

VII Extruded bar as-extruded Z 
 
 

 
Figure 156: Summary of characteristic stress-strain plots observed during the tensile 

experiments. The data are displayed up to a strain of 1.2%. 
Tensile_Diagrams.jpg 
 

When testing wall builds along the orientation of the columnar grains (Z), ductile fracture 

was observed (II, IV). Specimens sectioned from as-grown SLM wall 1, tested in the Z (II) 

direction, exhibited greater ductility during necking, hence higher strain-to-rupture than 

thicker and annealed walls of this test direction (IV). Nanoscaled dimples were apparent on 

the fracture surface of this condition (II) and ODS particles were located in the individual  
  



6.6 Microtensile testing 

- 189 - 

 

 
Figure 157: Secondary electron images of characteristic fracture surfaces of the ruptured 

specimens in different levels of magnification.  
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Figure 158: Optical images at low magnification and secondary electron images at higher 

magnification of the fractured region of key samples in cross section after etching. 
xxx Tensile_Cross_Section.doc 

 
Figure 159: Diagram of the determined 0.2% offset yield stresses of the conducted 

microtensile experiments compared with data taken from literature[2].  
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dimple centres (Figure 157g). Another feature observed were smooth, perhaps metallurgical 

slip induced, dimple and precipiate-free regions (Figure 157f). On the other hand, thicker 

and annealed specimens in this test direction showed changes in the fracture morphology and 

the volume fraction of areas showing dimples decreased with increasing heat input during 

fabrication (thicker walls) and post-build annealing. The annealed condition (IV) appeared to 

be the most advanced state of this observation and nanoscopic dimples could no longer be 

observed, but a variety of other ductile fracture surface types instead (Figure 157l-o). A 

common feature of all wall configurations tested in the Z direction was, probably 

metallurgical slip induced, grain deformation near the fracture surface as viewed in cross 

section in Figure 158b,d. No build defects were observed in fracture surfaces of tested wall 

builds. This suggests these were not acting as weak points in the configuration, and hence are 

not significantly detrimental to tensile behaviour. The measured YS0.2 was typically higher 

for walls tested along the X direction and those with increased wall thickness and subject to 

post-build annealing; these observations will be analysed in the following sub-section. The 

morphology of the fracture surfaces of solid blocks showed a similar behaviour. However, 

both brittle and ductile fracture could often be observed in one sample. This is probably 

associated with a more random grain orientation and anisotropy of the individual grains 

which might promote a more brittle or ductile behaviour in certain regions. The area fraction 

of brittle fracture versus a ductile fracture surface showing dimples was increased for 

specimens tested in the X direction compared to those tested in the Z direction suggesting 

that a certain fraction of the grains is fibre textured in a [001] orientation as was shown for 

SLM wall 1. The dimples observed, were larger in size than those observed on tested as-

grown walls (II), but once again there were often ODS particles in the individual centres. In 

contrast to tested annealed wall builds, such dimples remained apparent in annealed block 

builds. However, a large number of build defects, including porosity and inclusions were 

observed in the fracture surfaces of annealed block builds; these were also evident when 

viewed in cross section. An example of a fractured block, in the as-grown condition, tested 

in the X direction, is displayed as No. (V). Recrystallized extruded material (VI) fractured 

with necking and the fracture surface was of a brittle type with a similar appearance to as-

grown and annealed walls tested in the X direction (I, III). Un-recrystallized as-extruded 

material (VII) exhibited a significantly higher YS0.2 and rupture could not be achieved as the 

required force to rupture the specimen was above the limit of the test equipment. High 

resolution FEG-SEM analysis of samples (I-VII) in cross section, did not reveal test induced 

porosity near the fracture surface or around ODS particles. [] 

 
Comparison of individual YS0.2 values 

[h]The YS0.2 determined from the stress-strain plots of each build are summarised in Figure 159 

and the main observations are highlighted in colour. Changes in orientation of the test 

specimens from Z to X resulted in a slight increase of YS of about 53 MPa (blue colour). 

This compares well with a small increase in YS0.2 of about 57 MPa, which was observed for 
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as-extruded bar material tested along and perpendicular to the extrusion direction, 

respectively. Application of a post-build anneal (heat treatment) also contributed to an 

increase in YS0.2 (red colour) of wall structures, while the effect was strongest for SLM wall 

1. The YS0.2 of annealed SLM build walls were promising with values approaching those of 

the conventional recrystallized PM2000. The recrystallisation treatment on as-extruded bar 

material resulted in a strong decrease in YS0.2, which is a well know effect[2], to average 

values of approximately 500 MPa for both trial orientations (green colour). The value was 

circa 100 MPa below the data given in the literature[2] for this material, which may have only 

include one or two grains within the gauge length. Due to the existence of build defects (non-

randomly distributed pores and inclusions), block builds were used only to demonstrate that 

YS0.2 from 520 MPa and 500 MPa can be achieved when tested along and perpendicular to 

the SLM growth direction, respectively (orange colour).[] 

  
Young's modulus 

[i]The values of Young’s modulus were only determined from samples which showed no sign 

of slipping in the tensile grips. Typical values are displayed in Figure 160. Wall builds tested 

in the X direction returned moduli in the range of ~180-210 GPa. A change in the test 

orientation to Z resulted in ~30 GPa lower values. As expected, another finding was that 

Young's moduli did not appear to be sensitive to wall thickness or annealing treatment. 

Young's moduli determined for specimens taken from the extruded bar showed, in a similar 

way, that the values in the extrusion direction were ~25 GPa lower than perpendicular to it, 

while the average values were ~12 GPa greater than those measured in the wall builds. []  

 
Figure 160: Typical Young's moduli of key samples which were  

not subject to slip effects in the grips. 
 

6.7 Creep testing 
Creep testing 
6.7 

Overview 

After pre-tests to determine the parameter range (not presented), several creep tests were 

conducted, which are the subject of this section; for an overview see Table 25.  
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Table 25: Overview of the creep tests conducted.  

No Material Test direction** Specimen 
thickness Condition Test 

stress 
Test 

temperature 

I Extruded bar Z 0.40 mm as-extruded 30 MPa 900°C 

II Extruded bar Z 1.78 mm as-extruded 30 MPa 900°C 

III* Extruded bar Z 2.03 mm recrystallized 50 MPa 1100°C 

IV Solid block X 0.92 mm annealed 20 MPa 900°C 

V Solid block X 0.98 mm annealed 20 MPa 800°C 

*) This specimen was tested in an incremental creep test. Details are provided later.  

**) The test direction is defined in Figure 155 on page 187.  
 
The rupture life values of the creep experiments are summarized in Figure 161. They are 

superimposed on literature data (straight lines) for conventional recrystallized PM2000 

(grain class 6) and fine grained (grain class 4) PM2000. Material with grain class 4 has  
  

 
Figure 161: Creep rupture data of the conducted tests superimposed with literature data[2] for 

conventional PM2000 of two conditions.  
Part (a) displays the data superimposed with reference data of conventional PM2000 having coarse 
grains (recrystallized , grain class 6) and (b) fine grain  (grain class 4). Colours of the points represent 
the test temperature, which is identical to the colour of the lines. (*) The dashed line is for orientation 
only and was not provided from literature. (**) No rupture was achieved and the test was stopped after 
178h.  
Creep_rupture curves.tif 
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grains in the micron range, but is probably not identical with the as-extruded state[105], which 

was used in the present study. The condition grain class 4 was described by the manufacturer 

(Plansee) as follows: 'In combination with a special thermomechanical treatment and by 

careful controlling of the chemical composition within very narrow limits, a PM 2000 

structure is obtained with improved toughness and increased ductility'[2].  

If we regard the rupture life in particular, it is evident that samples I and II exhibed values 

approximately by the factor 0.1 to grain class 4, whereas tested recrystallized material (III) 

returned values far above those for grain class 6. On the other hand, as will be discussed 

later, samples taken from solid material exhibited inferior properties compared to both grain 

class 4 and grain class 6.  

 
Determination of the suitability of the test equipment to be used for very thin specimens 

Creep tests were conducted on as-extruded bar material along the extrusion direction (Z) at 

900°C at a stress of 30 MPa. The individual specimens had a thickness of 0.4 mm (I) and  

1.8 mm (II), respectively, which facilitated a trial of the test equipment to see if it was 

suitable to be used for very thin test samples (for instance, those taken from SLM walls). The 

creep rupture life data of both trials showed no significant difference19 between each other 

and also the creep curves (Figure 162) were similar. In both cases, the graphs exhibited the 

typical regions of primary creep, steady state creep and tertiary creep. In regard to the 

results acquired, the suitability of the test set-up for testing thin samples can be confirmed.  

 
Figure 162: Creep curves of two specimens taken from sheets taken from as-extruded bar 

material and tested along the extrusion direction.  
No significant differences could be observed between thin (0.4 mm; I) and thick (1.8 mm; II) sheets. 
The test conditions were a stress of 30 MPa at 900°C.  
Creep_curve_asE.tif    [381] 
The fracture surface of the test specimen (II) is shown in Figure 163. The surface was subject 

to strong oxidation, which did not allow the determination of the type of fracture.  

                                                           
19 Variations as observed on the present experiment are even typical within identical material 

configurations tested.[381]  
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Figure 163: SEM-SE imaging of the fracture surface of an as-extruded specimen (II)  

tested along the extrusion direction (Z).  
The investigation revealed an oxidised surface. The images show (a) the full fracture surface and (b) a 
typical region at a higher magnification.  
Creep fracture surface 2.jpg 
 
Creep testing of recrystallized bar material 

In order to investigate how the test data determined from recrystallized bar material compare 

with data provided from literature, a specimen (III) was tested in the extrusion direction. The 

specimen had a thickness of 2.0 mm and was subject to an incremental test where the 

temperature (900°C, 1000°C, 1100°C) and the load (30MPa, 50MPa) were increased in 

increments in order to achieve rupture within days of testing. As displayed in Figure 164, 

after increasing the load and the temperature in steps, a steady creep condition could be 

achieved at a stress of 50 MPa at 1100°C, which was not modified further until the test was 

stopped after 178h. The specimen, however, had not ruptured at this stage. A technical fault 

during the test procedure meant that the displacement between 0h and ~300 h was 

incompletely acquired and could not be used. The larger changes in the strain values when 

changing the test temperature were caused by thermal expansion of the test equipment when  
  

 
Figure 164: The creep curve of a specimen taken from a recrystallized sheet taken from an 

extruded bar. 
The specimen was tested along the extrusion direction (III). An incremental test procedure was applied 
and a stress of 50 MPa at 1100°C for 178 h did not result in rupture.  
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increasing the temperature. The test demonstrated that a far better time-to-rupture of >178 h 

was achieved compared to literature data (~11 h) acquired under similar test conditions. This 

was probably due to the fact that the gauge section of the specimens consisted only of one or 

a very low number of grains, perhaps oriented in a strong direction, which are both beneficial 

to creep strength. 

 
Testing of specimens taken from SLM builds 

It was found that SLM walls were too thin for testing and ruptured within minutes during 

set-up due to the load of the test equipment without additional weight being introduced. 

Typical conditions, which lead to immediate rupture were, for instance, 40 MPa at 900°C, 

which is far inferior to creep performance of both fine grained and coarse grained PM2000 

fabricated via a conventional route. Modifications on the test equipment would allow testing 

at lower loads and is currently being considered for future tests.  

Further trials were conducted on significantly thicker specimens taken from SLM solid block 

builds tested perpendicular (X) to the build orientation. The test parameters were a stress of 

20 MPa and temperatures of 900°C (IV) and 800°C (V); the time-to-rupture of these was 10h 

and 127h, respectively. Compared to literature data provided for grain class 6 and grain class 

4, both test results were significantly inferior. The creep curves of the tests are displayed in 

Figure 165 and exhibited the three typical regions. The primary creep zone, however, was 

less distinct.  

 
Figure 165: Creep curves of two specimens taken from SLM solid builds tested 

perpendicular to the build direction (X).  
The test stress was in both cases 20 MPa and the individual test temperatures were 800°C (V) and 
900°C (IV).  
Creep_curve_blocks.tif 
 
The fracture surfaces of the ruptured specimens taken from SLM solid builds were strongly 

oxidised and one example, taken from sample No IV, is displayed in Figure 166. Large 

pores, were also observed in some regions including occasionally balled structures, which 

origin remained unclear (Figure 166b,c). This suggests that in-build porosity was detrimental 

to creep performance. Details will be discussed later.  
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Figure 166: SEM-SE imaging of the fracture surface of a typical specimen taken from an 

annealed SLM solid block (No IV).  
The images show (a) the full fracture surface, (b,c) features, which are probably in-build porosity and 
(d) a typical region at a higher magnification shows a strongly oxidised surface.  
  

6.8 Discussion 
6.8 
Discussion 

Manufacturing of mechanical test samples and hipping experiment 

During fabricating of the first array of test builds, a layer of dust was deposited during 

processing near a region on the powder bed where solid builds were produced. The 

observations suggested a relationship between the deposition of dust on the powder bed 

during manufacturing and a high level of built-in porosity. The origin of this dust might be 

sputtering of the as-MA PM2000 particles during laser scanning. The effect might be caused 

by a high localised gas pressure caused by thermal expansion of gas and/or vapourised metal 

near the fusion zone, due to the rapid stop-and-go laser-material interaction during SLM 

deposition. Evaporation pressure in particular is known to have a high momentum and can 

induce shock waves away from the material against ambient gas, which is, for instance, used 

for a process called laser cleaning of surfaces[382]. Particles might experience high 

temperatures during this process and some may melt leading to the globular shape observed. 

The shape and location of this dark layer indicates that it originated from the scanning of 

large areas during the growth of solid structures and was transported by the gas stream, prior 
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to deposition. This deposit negatively affected the SLM growth process and disturbed the 

formation of slightly overlapping smooth hatch lines. This suggests that wetting and fusion 

of molten metal to the underlying layer was disturbed in the presence of this dust layer. The 

order of laser scanning of the features was towards the gas stream, but slight sputtering 

might have also occurred in this direction. Consequently, oxidised particles (indicated by a 

colour change and by an increase in the concentration of Al due to a scale) might have led to 

changes in melting and wetting behaviour during the SLM process and the powder layer 

thickness might have increased. The source of Al for the Al-rich scale can well be contained 

in these particles, simply diffusing to the surface and forming a scale. As mentioned before, 

future work should seek methods to avoid the formation of dust, which was obviously 

detrimental on the process.  

HIP is a suitable technique to further consolidate porous components fabricated by EBM[248]. 

It appeared that parameters, which resulted in a reduction of porosity for EBM-build Ni-base 

alloys also affected pores included in the as-grown solid SLM-PM2000 builds. Obviously, 

such parameters were not sufficient to fully eliminate porosity, but a potential of this process 

to work in an SLM-PM2000 environment could be demonstrated. _613  

Mechanical test specimens were cut out from raw materials using the EDM process. It 

appeared that the thermal conditions near the EDM cut line resulted in small zones of grain 

coarsening. The mechanism of this might be recrystallisation of as-extruded material due to 

the large stored energy compared to as-recrystallized material. Since the width of the 

modified zone was small compared to the overall sample size, the effect on the tensile or 

creep behaviour was expected to be minor.  

 
Microtensile testing 

[j]The investigations demonstrated that in all cases transgranular fracture mechanisms were 

apparent in the wall builds which were studied in more detail, since a stronger level of build 

defects in block builds may have degraded their mechanical properties. Minor porosity in the 

wall builds was not observed in the fracture surfaces, hence minor porosity does not appear 

to be detrimental, at least at room temperature. 384

   

PM2000 has a ferritic body centred cubic (bcc) structure and cubic crystals are known to 

exhibit some degree of anisotropic mechanical properties for both tensile and elastic 

behaviour. The origin for this effect are different interatomic distances on certain planes 

during elastic deformation, while certain atomic slip planes are activated during plastic 

deformation. Consequently, increased average YS0.2 values of ~55 MPa and a brittle fracture 

behaviour when testing in the X direction can be explained by this anisotropy due to a strong 

[001] oriented fibre texture in the direction of SLM growth, while the radial orientation was 

random. Observations in the present work suggest also that changes in the precipitate size 

distribution and probably the particle volume fraction have a strong effect on YS0.2, but not 

on the Young's modulus. The increase in YS0.2 after annealing, was more significant for the 
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thinnest walls, SLM wall 1. This might be associated with the formation of a fine dispersion 

of ODS particles from the remaining Y, which is still in atomic supersaturated solution in the 

as-grown state. Due to an increased level of heat input during manufacturing, the level of Y 

in atomic solution or in nanoscopic clusters in thicker as-grown wall builds is likely to be 

lower, as is the increase in YS0.2 during annealing. A higher number of fine dispersoids 

would pin dislocation movement to a larger extent, hence, increase YS0.2. It was 

demonstrated in Chapter 4 that annealing (post build or during deposition) changes the 

particle morphology from multiphase particles into predominantly single phase Al-Y oxides, 

which might change coherency relationships between particles and the matrix and perhaps 

also manipulate pinning efficiency. During tensile testing of specimens taken from an as-

grown SLM wall 1 along the growth direction, the lower number of relatively coarse 

precipitates probably resulted in pile-up of dislocations around ODS particles and localised 

stress-concentration leading successively to rupture and the formation of the nanoscaled 

dimples observed. The enhanced pinning efficiency of dislocations for thicker and annealed 

walls tested in the same direction obviously altered the morphology of the fracture surface 

and besides increases in YS0.2 it also decreased the ductility observed. For single crystal iron 

at room temperature, anisotropy leads to Young's moduli E[001] (weakest) of 132 GPa and 

E[111] (strongest) of 285 GPa[385]. This is similar to those experimentally determined for 

conventionally drawn and recrystallized PM2000 bars oriented along a [001] and a [111] 

direction tested at room temperature where the Young's moduli were 147 GPa and 298 GPa 

respectively[117]. The values determined in this work were ~30 GPa lower when testing in the 

Z direction compared to the X direction, which can be explained by this effect since the 

[001] orientation exhibits the lowest Young's moduli. _599  

Non-randomly distributed porosity in block builds is obviously the origin of failure of such 

structures as this reduces the effective cross sectional area in the gauge section. It has been 

shown before that there were always pores visible in the fracture surface. Also due to their 

non-spherical shape, they would act as crack initiation points as shown on mechanically 

tested structures produced, for example, via Laser Beam Deposition (LBD)[387]. Larger 

dimples in the fracture surface of both as-grown and annealed block builds suggest an 

absence of fine strengthening precipitates in both conditions. The occurrence of both brittle 

and ductile zones on fractured specimens taken from blocks can be attributed to a more 

randomly oriented grain structure, different precipiates, oxides or other flaws.  

For the extruded material, several mechanisms would explain a significant decrease in YS0.2 

after the recrystallisation treatment, such as particle coarsening, recovery mechanisms, a 

Hall-Petch relationship[63] and recrystallisation induced porosity[386]. Obviously, most of the 

miniaturised test samples of the extruded bar were fabricated from one single grain and 

anisotropy explains changes in YS0.2 and Young's modulus depending on the test direction. 

The brittle fracture type observed appears to be orientation-related.[]_603 
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Creep testing 

Creep testing of two individual test specimens taken from as-extruded bar material (I, II) 

each having a different thickness, demonstrated the suitability of the creep test equipment for 

thin specimens, which could be cut, for instance, from SLM walls. The fact that both tests 

returned values by the factor of 0.1 to grain class 4 indicates that grain class 4 is not identical 

to the as-extruded condition. The recrystallized bar material (III) tested showed a far 

enhanced rupture life compared to literature data (grain class 6). This is perhaps due to the 

fact that the gauge section of this test specimen consisted of one single grain. As was 

discussed previously, the creep process is based on atomic position changes, grain boundary 

slip and grain boundary diffusion and, hence, the presence of only one single or a low 

number of grains would significantly enhance creep properties. Literature data might have 

been acquired using significantly larger creep specimens and might therefore have contained 

several grain boundaries in the gauge section, which would explain the significant 

differences in this mechanical property observed. The rupture life of the specimens tested 

taken from annealed SLM solid builds (IV, V) was much inferior compared to both as-

extruded and recrystallized bar material. Features in the fracture surface suggest the rupture 

of the specimen in a region subject to a large cross sectional area of pores. Porosity in SLM 

solid builds showed typically a low level of globularity, which origin remained unclear. This 

might facilitate a stress concentration (notching effect) in certain regions at the pore/material 

interface when the material is mechanically tested leading perhaps to the initiation of 

cracking. Cracking near pores was also reported by Amsterdam and Kool (2009)[387] when 

conducting high cycle fatigue testing of as-AM Ti-6Al-4V fabricated by LENS[387]. On the 

other hand, cracks or stress raisers on the surface will also reduce creep resistance; 

indications for this, however, were not observed. Creep testing of SLM grown walls might 

result in far better properties since the porosity was significantly decreased and more 

globular shaped, leading probably to a decreased notching effect. For further work, however, 

the test equipment would need modification. _511  

6.9 Chapter summary 
Chapter summary 
6.9 

Manufacturing of mechanical test samples 6.2 

The parameters developed in Chapter 5 to fabricate solid builds and walls for three different 

thicknesses were applied to manufacture raw parts for mechanical test specimens. In the first 

run it was found that during the growth process a thin dark layer of dust deposited along the 

direction of gas flow near the region of the fabrication of solid builds. The presence of this 

layer probably led to detrimental effects on fusion behaviour between liquid metal and 

underlying consolidated material during the SLM build procedure. The results of this effect 

on solid builds grown in this region were disturbed laser hatch lines and a increased level of 

porosity. Numbers determined for those builds were a relative density of ~98.8% for a region 
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not subject to dust deposition and ~94.9% within this zone. The origin of the dust particles 

might be as-MA PM2000 particles located near the fusion zone, which were ejected by gas 

pressure generated by a rapid laser/material interaction and perhaps condensated vaporised 

powder as suggested by the globular shape of some dust particles. During this process the 

particles probably experienced high temperatures, oxidised and the continuous gas stream 

over the build space might have transported them into adjacent regions.  

HIP of such porous solid builds was conducted using parameters used for final consolidating 

of EBM-fabricated Ni-base alloys and it was observed that pores after this procedure were 

typically deformed to a certain degree. The experiment confirmed a potential feasibility to 

post-build consolidate porous SLM-PM2000 builds to increase their density.  

Mechanical test specimens were taken from builds fabricated during a second SLM run, in 

which the solid builds were arranged in a way to avoid dust deposition. Wall structures were 

stabilised by vertical ribs in regions away from the gauge section in order to avoid 

deformation of those builds during fabrication.  

 
Investigations of the grain structure of conventional fabricated PM2000 extruded bar 6.3 

Conventional fabricated PM2000 was provided in the form of an as-extruded bar and was 

used as a reference material for the mechanical tests. Sheets with different thicknesses were 

taken from this bar along the extrusion direction and some of them were annealed at 1380°C 

for 1h in order to recrystallize the material, while the others were left in the as-extruded 

condition. Prior to recrystallisation, the material exhibited a fine grain structure oriented 

along the extrusion direction. The recrystallisation treatment of such sheets resulted in very 

coarse grains having widths in the cm range and lengths along the extrusion direction as long 

as the samples. 

  
Effects on the microstructure caused by EDM 6.4 

EDM was used to separate slices and to cut out the test specimens. The observations 

suggested that this procedure did not modify the grain structure of SLM builds and 

recrystallized bar material. In the case of as-extruded material taken from an extruded bar, a 

zone within a distance of ~10 µm could be observed within which the grain structure 

appeared to have coarsened. Due to the narrow width of the band, an effect on the tensile or 

creep behaviour of the overall specimen was expected to be minor.  

 
Overview of the tested configurations 6.5 

Several build configurations were considered for mechanical testing. In case of SLM builds 

(solid builds, SLM wall 1, 2, 3), those were as-grown and annealed at 1200°C for 1h in 

order to obtain a more equilibrated nanostructure as was subject of Chapter 4. Specimens 

taken from an extruded bar were in the as-extruded and in the recrystallized condition, 

respectively.  
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Microtensile testing 6.6 

[k]Minor porosity in SLM walls did not influence tensile properties, while larger pores in SLM 

block builds obviously decreased YS0.2 significantly, hence, the emphasis was placed on an 

investigation of SLM wall builds. Due to anisotropic properties, the specimens ruptured in a 

brittle manner when tested perpendicular to the growth orientation, whereas the behaviour 

was ductile when testing along this direction. Also, in parallel with this observation, there 

was also an average increase in YS0.2 of ~55 MPa and of Young's modulus by ~30 GPa for 

SLM walls when changing the test orientation from along to perpendicular to the build 

direction. The YS0.2 values measured were typically higher for thicker wall builds and those 

subject to post-build annealing. This can be explained by the precipitation of fine ODS 

particles in SLM walls developed during the post build heat treatment and, probably to a 

lesser extent, by an increased number of repeated heating cycles during SLM building of 

thicker walls. The finding suggests that a certain amount of Y is still in solid solution in the 

as-grown condition or in nanoscopic clusters and forms small strengthening dispersoids 

during heating, which enhance trapping efficiency of dislocations and consequently increase 

YS0.2. The formation mechanisms of precipitates have been extensively discussed in section 

5.7.5. Such annealed walls showed similar YS0.2 values to conventionally manufactured 

recrystallized PM2000, which might motivate further studies in this field. The fracture 

surface of tested block builds typically exhibited a mixed morphology with regions having 

an increased size of nanoscaled dimples and zones indicating brittle fracture caused by 

different grain orientations and/or different microstructure. These properties are probably 

associated with a more random grain orientation and coarser precipitates in both the as-

grown and the annealed condition as the source of atomic Y is exhausted due to a much 

increased heat input during SLM growth compared to the wall builds.  

 
Creep testing 6.7 

Creep testing could only be performed on a relatively small number of samples. 

Recrystallized material taken from an extruded bar tested along the extrusion direction 

showed a far better rupture life than data provided from literature when using a test stress of 

50 MPa at 1100°C. This was perhaps due to the fact that the gauge section of the specimens 

consisted only of a very low number of individual grains, whereas literature data might have 

been acquired using significantly larger test specimens containing multiple grains. Tests 

conducted on as-extruded material taken from an extruded bar confirmed the feasibility of 

testing thin (~0.4 mm) samples with the experimental set-up used in this work. Samples 

taken from SLM solid builds showed a far shorter rupture life compared to as-extruded and 

recrystallized bar material or literature data provided for both coarse grained and fine grained 

conventional fabricated PM2000. The creep curves, showed the three typical regions, 

although the transition creep zone was less distinct in the graphs when compared to the 

tested extruded bar. Observations suggested that pores with a low level of globularity act as 

crack initiation points. The morphology of the fracture surface suggested a transgranular 
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rupture. Specimens taken from SLM walls could not be tested since the starting load of the 

test equipment resulted in immediate rupture of the samples. Consequently, changes on the 

test equipment, decreasing its load, are necessary to continue creep testing for those build 

configurations.  
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Chapter 7 

PM2000 SLM coatings 

 
 
This chapter presents work undertaken to investigate the feasibility and fundamentals of 

SLM-PM2000 coatings. It starts with a brief paragraph on the motivation of this study (7.1). 

Subsequently, an initial investigation of as-received Inconel IN939 (substrate material) is 

presented in sub-section 7.2 and the emphasis of part 7.3 is a study on PM2000 coatings on 

Inconel IN939 buttons fabricated using non-optimized parameters. Optimised parameters for 

solid builds, developed in Chapter 5, were applied to grow thicker layers on Inconel IN939 

pins, which are in focus in sub-section 7.4. The results are discussed in part 7.5 and the main 

findings are summarised at the end of this chapter in sub-section 7.6.  

7.1 Motivation 
7.1 
Motivation 

Technical coatings, in general, offer the possibility to combine mechanical and physical 

properties of two materials to enhance the performance of such configurations compared to a 

single material. In order to study diffusion effects and intermixing between coating and 

substrate, Inconel IN939 (Ni-base) was used as a substrate and PM2000 as deposit material. 

In general, however, α-Fe (bcc) - γ-Ni (fcc) combinations are unfavourable[388]. Hence, the 

present work is also intended to support the development of future Ni-base ODS coatings on 

a Ni-base substrate or Fe-base ODS materials on Fe-base substrates by learning about SLM 

ODS coating fundamentals. The trials offered additionally the possibility to study oxidation 

behaviour of the deposit material in laboratory air isothermally in the temperature range of 

the substrate (870°C) and of the coating (1100°C). The idea of this was to provide 

fundamental indications for more detailed oxidation studies. Currently, the coated pin 

configuration is subject to a high velocity burner rig test with a set-up described 

elsewhere[390]; the results of that study will be published separately. _505_513 

7.2 Investigation of the substrate material 
Investigation of the substrate material 
7.2  

Investigation of microscopic phases 

Initial optical microscopy (Figure 167a) of as-received substrate material revealed a high 

number of particles (type a; marked in Figure 168a; later categorized as MC carbides) in the 

range smaller than ~20 µm having a higher average atomic number (higher Z-contrast) than 

surrounding phases as revealed by SEM-BSE imaging (Figure 167b). As observed by DIC 
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microscopy, the features were proud of the surrounding material as displayed in Figure 167c, 

which was probably caused by the abrasive nature of the sample preparation process and 

increased hardness of these proud phases compared to the metal. Occasionally, another phase 

could be observed (type b; see the section marked with A in Figure 167c); observations on 

such features suggest a platelet structure with a lower topography (lower hardness) than the 

surrounding material. The sizes of these structures (type b) were in all cases below 50 µm. 

Careful adjustment of brightness and contrast in SEM-BSE mode (Figure 167d) revealed 

grains in the substrate material, due to an electron channelling contrast effect; and the 

particles (type a) observed were often located on grain boundaries.  

 
Figure 167: Microscopy on as-received Inconel IN939 .  

The several images show micrographs (a) obtained by optical microscopy, (b) SEM-BSE imaging, (c) 
DIC and (d) SEM-BSE imaging exhibiting an electron channelling contrast effect to reveal the grain 
structure. The area marked with "A" in (c) is displayed in Figure 168 at a higher magnification.  
 
Figure 168a shows area A marked in Figure 167c at a higher magnification. Imaging in a 

SEM-topographic mode (Figure 168b) confirmed the previously observed height differences. 

Also nanoscopic γ' phases, viewed in the section in higher magnification in Figure 168b, 

were apparent, which will be discussed at a later stage. The key results of EDX studies are 

displayed in Figure 168c-k and show that the proud particles (type a) are rich in C, Ti, Nb, 

Ta and/or W, which is consistent with MC carbides[389]. EDX M and L spectra lines of Ta 

and W occur close to each other and peak overlaps are possible leading to a potential 

misinterpretation in the detection of both elements. Platelet phases (type b) were rich in Ni, 
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Ti, Al and Co and are probably an η phase. In all cases, the chemical composition appeared 

to be uniform and constant throughout the individual features. Cr-rich carbides found by 

Miskovic et al. (1992)[195] in Inconel IN939, were not observed during the present study.  

 
Figure 168: Microscopy and EDX of the different phases observed.  

The several parts display (a) an SEM-SE image, (b) an image in topographical mode and (c-k) EDX 
maps including an intensity line profile.  
 
 
Investigation of nanoscopic γ' phases 

Besides microscopic phases, nanoscopic γ' phases (Figure 169) were apparent in the 

substrate material. The particles were homogeneously distributed and showed diameters of  
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<150 nm.  

 
Figure 169: SE image of nanoscopic γ' phases.  

 
Due to their small size, STEM-EDX mapping in a TEM JEOL JSM-3010 was applied to 

determine the elemental composition of such phases and confirmed the presence of Al, Ti 

and Ni as displayed in Figure 170, which is consistent with observations by other researchers 

as will be shown later.  

 
Figure 170: EDX maps of a TEM thin foil sample taken from Inconel IN939 including 

nanoscopic γ' phases.  
The individual parts show (a) a bright field (BF) image and (b-f) EDX elemental maps of the same 
region using Kα1-lines.  
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7.3 Studies of a coating produced with non-optimised 
parameters 

7.3 
Studies of a coating produced with non-optimised parameters 

7.3.1 Manufacturing details and surface roughness 

Buttons (Figure 171a) with the dimensions of Ø25.4×3.2 mm were SLM coated with non-

optimised parameters prior the start of the project by Dr L. Mullen at the Manufacturing 

Science and Engineering Research Centre at the University of Liverpool. The settings were 

an ET of 200 µs and a PD of 30 µm leading to a mean traverse speed of 0.15 m/s. The hatch 

distance was 60 µm. One layer of PM2000 as-MA powder with a resulting thickness of 

approximately 50 µm was deposited. As illustrated in Figure 171b, the processing parameters 

lead to a relatively uneven surface with the surface roughness determined as Rt = 643.6 µm / 

Ra = 19.85 µm / Rq = 32.4 µm; the size of the examined surface area was 3×3 mm². Melt 

tracks were apparent along the direction of laser scanning and balled (previously molten) 

material was present in some regions (Figure 171c).  

 
Figure 171: Initial investigations on SLM-PM2000 coatings on Inconel IN939 buttons.  

The images show (a) a photograph of the configuration, (b) a surface profile of the plan view and (c) an 
image of the plan view obtained using optical microscopy.  
Buttons2.jpg 
                   Rayleigh instability good explained in Rombouts (2006) 

7.3.2 Build morphology of the as-coated condition 

Optical images of coating/interface cross sections (Figure 172a) mounted perpendicular to 

the scanning direction showed a continuous bond between the substrate and deposit material. 



PM2000 SLM coatings 7 

- 210 - 

Coatings displayed an average thickness of approximately 50 µm with little porosity if any. 

MC carbides appeared to be less numerous and smaller in size in the interface zone, which 

indicates that this zone was a strongly heat affected zone of substrate material where Fe from 

the coating diffused into the substrate or a molten region. As shown in Figure 172f, 

independent strengthening nanoscopic γ' phases were less numerous in most regions in the 

interface zone, but similar structures were often observed in some regions in the interface 

and in the coating region (Figure 173). Compared to strengthening γ' phases in the substrate, 

these phases appeared to be more angular shaped, rather than globular and also the individual 

sizes varied. SEM-BSE imaging (Figure 173b) revealed a lower average atomic number of 

such structures compared to the surrounding phase. EDX performed on the largest of such 

structures showed increased contents of Al, Ti and Ni compared to the matrix. Channelling 

contrast images of the coating zone (Figure 172g) did not reveal the grain morphology as the 

grains were probably relatively small and perhaps having a texture leading to weak 

channelling contrast. In Figure 172d,e, EDX maps of the configuration revealed zones with 

varying contents of Ni and Fe mainly in the zone between substrate and deposit material; low 

concentrations of Ni were also detected in the coating. In contrast, Cr seemed not to form 

phases or zones where it was enriched or depleted (Figure 172c). In the line profile 

displayed, MC carbides were confirmed to be Cr-free. The concentration profile of Al  
  

 
Figure 172: Optical and scanning electron microscopy together with EDX analysis of the 

same region of a cross sectional sample of the as-coated condition.  
The study revealed a tightly adherent bond between coating and substrate with a low level of porosity. 
Primary MC carbides included in the substrate prior coating seem to go partly into solution in the 
interface zone. Also zones with varying contents of Al, Cr, Fe and Ni appear mainly near the bond line. 
The images show (a) an optical DIC image, (b-e) EDX maps of the elements Al, Cr, Fe and Ni using 
Kα1 lines, (f) an SEM-SE image of the substrate/interface zone transition and (g) channelling electron 
image using backscattered electrons (compositional contrast).  
aaa ar interface.jpg 
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(Figure 172b) showed a uniform distribution of the element in the substrate, while in the 

interface zone and coating, the profile followed the distribution of other elements in the 

deposit materials such as Fe (Figure 172d).  

 
Figure 173: Scanning electron microscopy of a zone in the coating region.   

The micrographs show particles which are richer in Al, Ti and Ni compared to surrounding matrix. The 
matrix itself, was richer in Fe and Cr. The images show the (a) SEM-SE image and (b) the SEM-BSE 
image (compositional contrast).  
 
 
  

 
Figure 174: Optical (DIC) micrographs of etched cross sections of the configuration.  

Micrograph (a) was etched with “Keller's Reagent" and (b) was etched with a solution of 10% HCl in 
methanol. (c) The area was re-polished and etched with the same solution again. The experiment 
suggests that no material was identical with substrate material in the coating and a microstructure that 
appeared to be stirred and convoluted in the coating zone. xxx  
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The same sample was etched with Keller's Reagent [1 vol% hydrofluoric acid (HF) 40% 

concentrated, 1.5 vol% hydrochloric acid (HCL) 32% concentrated, 2.5 vol% nitric acid 

(HNO3) 70% concentrated, bal.: deionised water] for 80s and the same area shown in  

Figure 172a is displayed in Figure 174a. The treatment confirmed that the zone referred to 

"as interface" was less strongly attacked than the substrate, whereas the coating remained 

unaffected. Successive etching of the configuration with 10 vol.% HCL (32% concentrated) 

in methanol for 4 min (Figure 174b) affected only the coating, but tended to pit rather than 

revealing the grain morphology. It was found at a later stage that the surface finish of the 

sample obviously affected this property. When the sample was re-polished with a 1 µm 

diamond finish and etched with 10 vol.% HCL in methanol; the grain structure appeared to 

be "stirred" without a cerain shape (Figure 174c).  

O, Al and Y-rich microscopic structures orientated along the scan lines, which appeared to 

be of the same type as the previously extensively discussed surface nodules, were typical for 

the plan view morphology of the coating (Figure 175). As observed before, there were also 

structures with a significantly decreased concentration of Y, marked in Figure 175b.  

 
Figure 175: O, Al and Y-rich structures observed on the coating surface (plan view).  

The individual Al/Y ratio of the O, Al and Y-rich structures varied depending on the shape and location. 
The images are (a) a SEM-SE image and (b): a SEM-BSE image (compositional contrast).  
Top.jpg 
 

 
Figure 176: Microscopy of various structures located on the coating surface.  

The cross section (viewed perpendicular to the direction of laser scanning) showed a typical O, Al and 
Y-rich compound with small globular particles attached on the surface. The images show (a) a SEM-SE 
image and (b) SEM-BSE image (compositional contrast). (c) shows a SEM-BSE image (compositional 
contrast of the plan view of the coating surface.  
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Often, smaller globular particles were attached to the O, Al and Y-rich structures or on the 

metal surface. EDX analyses revealed these particles as rich in Cr and Fe and perhaps of the 

same composition as PM2000 as indicated by the Cr/Fe ratio of larger species. Microscopy 

of the plan view of the coating (Figure 176c) revealed the occurrence of such particles up to 

approximately 1 µm in diameter. The majority of the particle diameters, however, was small 

and below 200 nm.  

XRD performed on the as-deposited coating for another study (Figure 190a on page 222) did 

not detect any other major phases of the coating surface other than α-Fe.  

 

7.3.3 Interdiffusion behaviour 

As mentioned previously, Fe-base coatings on a Ni-base substrate allow the study of 

intermixing effects during the coating process and interdiffusion between substrate and 

deposit material, but also of oxidation of the coating. In order to evaluate these properties, 

annealing/oxidation experiments were performed at times of 1, 2.5, 5, 10, 20, 40 and 80 h at 

1100°C, which is consistent with temperature and durations used by Weinbruch et al. 

(1999)[178] to study oxidation of conventionally processed PM2000 bulk material. The trial 

temperature used was above the service range of Inconel IN939 and was chosen in order to 

shorten the time scale of processes. Long-term experiments using lower temperatures (in the 

service range of Inconel IN939) will be presented at a later stage on an optimised 

substrate/coating configuration.  

 

 
Figure 177: Optical and scanning electron microscopy together with EDX analysis of the 

same region of a cross sectional sample oxidised/annealed at 1100°C for 10h.   
The images show the formation of new phases including needle and circular formed structures and 
small C, Ti, Nb and Ta/W-rich particles. Also the formation of Cr-enriched phases in the coating region 
is obvious. (a): Optical DIC image. (b)-(e): EDX maps of the elements Al, Cr, Fe and Ni using Kα1 
lines. 
aaa 
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Main observations 

The heat treatment resulted in the occurrence of a number of new types of structures. The 

situation after 10h is shown in Figure 177a and after 80h in Figure 178a.  

 
Figure 178: Optical and scanning electron microscopy together with EDX analysis of the 

same region of a cross sectional sample oxidised/annealed at 1100°C for 80h.  
The images show a number decrease and coarsening of circular formed structures compared to the 
sample treated at the same temperature for 10h. The volume fraction of small C, Ti, Nb and Ta/W-rich 
particles in the interface zone has increased. Cr-enriched phases are not longer visible. (a): Optical 
DIC image. (b)-(e): EDX maps of the elements Al, Cr, Fe and Ni using Kα1 lines. 
aaa 
Phases in the substrate of the type MC appeared to be smaller in size compared to the 

situation before heat treatment. In the same region, clusters of new structures with a circular 

and an ordered needle shape appeared. For the circular structures an enrichment can be 

confirmed for Al, Ti and Ni, while the needle shaped configuration contained mainly Ni 

(61at.%), Ti (13at.%), Co (11at.%), and Al, Cr, Nb and Ta/W in lower concentrations. Both 

features were observed after 1h and grew in size with an increase in oxidation time 

associated with an increase of the volume fraction of the needle formed configuration and a 

decrease of circular shape structures. Occasionally, larger compounds with identical 

chemical composition to the needle formed features could be observed in these clusters, 

possibly indicating a platelet nature of the needle shaped structures.  

Particles smaller than 5 µm in size, rich in C, Ti, Nb and Ta/W could be observed near the 

bond line with an increasing volume fraction for longer annealing/oxidation times. 

The concentration profile of Al after 10h (Figure 177b) close to the metal/scale interface 

indicates a region where the content of this element is reduced, and the width of this region 

increased with longer oxidation times as was observed, for instance, after 80h (Figure 178b).  

The development of Cr-rich phases in the deposit material was observed after the shortest 

applied oxidation time of 1h and was more distinct after 10h (Figure 177c). At longer 

annealing times, inclusions of this structure seemed to decline in direction from substrate to 

coating surface leading to a complete absence of this phase in the 80h trial as shown in 
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Figure 178a,c. Bright and dark regions in the optical DIC image in Figure 177a indicate a 

raised topography of the Cr-rich phase compared to surrounding material. In contrast, 

needle-like structures seemed to be deeper than the surrounding phase.  

The EDX line profiles in Figure 177d,e revealed that zones with varying contents of Fe and 

Ni, visible in the as-coated condition, were strongly reduced at the 10h test. After 80h 

(Figure 178), the interdiffusion process increased further.  

 
Investigation if phases form on cooling or during annealing 

In order to answer the question if the phases observed form on cooling or during the process 

of heat treatment and if there is an effect of laboratory air of these processes, two samples 

were annealed in flowing Ar atmosphere at 1100°C for 20h. After this step, one was 

quenched in liquid N2 with the cross section viewed in Figure 179a, while the other one was 

furnace cooled (Figure 179b). DIC microscopy performed on the cross section of these 

samples revealed no significant differences in the occurrence of the structures observed.  

 
Figure 179: Optical (DIC) microscopy of cross sections of two samples annealed at 1100°C 

for 20h  in flowing Ar atmosphere.  
After the procedure one sample (a) was quenched in liquid N 2 and (b) one was furnace cooled . No 
significant differences in phases could be observed between both conditions.  
N2_cool.jpg   
 
Investigation of the mechanism of the formation of MC carbides near the bond zone  

It was shown previously that structures, similar to nanoscopic γ' phases (type a) were 

retained in some regions of the interface zone, while no intermediate structures between 

particle-containing and particle-free zones could be observed in the as-grown condition 

(Figure 180a). For instance, annealing for 1 h resulted in the formation of large Al, Ti and 

Ni-rich structures (type b), which is consistent with the elemental composition of γ' phase as 

shown in Figure 180b. Such microscopic structures (type b) were typically present at the 

interface between Fe-poor and Fe-rich regions. The Fe-rich regions often included a high 

number density of nanoscopic phases (type a). It appeared, that Ti, Nb and Ta/W-rich 

particles (type c) (which is consistent with MC carbides) were often attached to the Al, Ti 

and Ni-rich structures (type b). After annealing for 2.5 h (Figure 180c) the Al, Ti and Ni-rich 

structures (type b) appeared to be less in number density and Ti, Nb and Ta/W-rich particles 
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(type c) were often present independently. At 80 h (Figure 180d) Al, Ti and Ni-rich 

structures (type a+b) could no longer be observed, but a band of Ti, Nb and Ta/W-rich 

particles (type c) were present at the interface zone. However, such Ti, Nb and Ta/W-rich 

particles (type c) were often apparent up to the coating surface (with a decreasing number 

density). The observations suggest that primary MC carbides dissolved in structures having a 

γ' phase-like size, appearance and chemical composition. During an increase in 

annealing/oxidation time such structures coarsened, followed by dissolution in the 

surrounding matrix; and the structures observed might be secondary MC carbides left as a 

residue from this process. This will be discussed later in more detail.  

 
Figure 180: Investigation of the formation of Ti, Nb and Ta/W-rich particles in the coating and 

in the interface zone.  
The images show SEM-SE images of the interface zone  of different samples, which are (a) the 
interface between a particle-free and particle containing zone of a as-grown sample, (b) a sample 
annealed for 1 h and (d) a sample annealed for 2.5 h and (d) a sample annealed for 80 h.  
C-formation.doc.jpg  
 

7.3.4 Oxidation behaviour of un-coated Inconel IN939 

The oxidation behaviour of un-coated substrate of a sample oxidised at 1100°C for 80h was 

investigated in order to support evaluations of the effectiveness of the PM2000 coating at a 

later stage.  

As shown in the micrographs in Figure 181, Inconel IN939 formed a Cr-rich oxide scale 

with Ti-rich regions showing porosity at the scale/gas interface. This formed over a 

continuous Cr-rich oxide scale (O/Cr-ratio: ~64/36 at.%, similar to Cr2O3) below. The 

complete oxide scale had a thickness of approximately 20 µm and small (<3 µm) Ni, Co and 

perhaps Cr-rich nodules were observed occasionally in the inner regions of the scale. 

Between the scale and Cr, Co and Ni-rich metal, a layer with a thickness in the range of  

3 µm, rich in Ti, Nb and Ta/W, was apparent. In the Cr, Co and Ni-rich metal region, close 

to the scale, a band of internal oxides containing O and Al-rich features (O/Al-ratio:  

~64/36 at.%, similar to Al2O3), reaching up to 20 µm deep into the metal were apparent.  

Images acquired by a FIB reconstruction (by Hideki Matsushima with JEOL Ltd. in 

Akishima, Tokyo, Japan) of BSE images of the same region revealed a Cr-rich scale at the 
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Figure 181: Oxidation behaviour of un-coated Inconel IN939, oxidised for 80h at 1100°C  

viewed in cross section.  
The micrographs show (a) a SEM-SE image, (b) a SEM-BSE image (compositional contrast), (c) the 
SE image superimposed with EDX Kα1 signals from Al, Ti and Cr and (d) the SE image superimposed 
with EDX Kα1 signals from O, Ni and with EDX Lα1 signals from Nb.  
Substrate_80h.jpg     80h substrate scale map 1500x.ipj 
scale/gas interface, followed by a continuous layer of Ti, Nb and Ta/W (Figure 182a). As 

shown in Figure 182b, virtually removing this continuous layer and substrate material (Cr, 

Co and Ni-rich) revealed the O and Al-rich structures (probably internal Al2O3 formation) as 

independent nodules.  

 
Figure 182: FIB reconstruction of BSE images of un-coated Inconel IN939, oxidised for 80h 

at 1100°C.  
The individual parts show (a) a Cr-rich scale and a Ti, Nb and Ta/W-rich layer below and (b) 
independent Al, O-rich nodules when removing the Ti, Nb and Ta/W rich layer and remains of substrate 
material.  
Substrate_80h_FIB.jpg 
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7.3.5 Oxidation behaviour of the coated button configuration 

Initial study and scale morphology 

For oxidation durations <10h the fractured scale revealed a fine grained morphology near the 

scale/gas interface, followed by larger elongated grains beneath (Figure 183a). The scale 

formed on the coating surface was Al-rich with occasional slight enrichments of Cr and Ti at 

the scale/gas interface and occasional independent Ti and Y-rich inclusions in the same 

region and deeper in the scale as shown in Figure 183b,c. The scale was well adherent to the 

coating and tended to crack within the scale rather than at the scale/metal interface  

(Figure 183b). Enhanced cohesive spallation of the scale during cooling was observed after 

~20h.  

 
Figure 183: Scanning electron microscopy of the cross section of a scale formed at a sample 

oxidised at 1100°C for 10h  revealing an adherent alumina scale, which tended to crack 
cohesive rather than adhesive.  

The individual micrographs show (a) the fractured scale and (b,c) zones showing cohesive cracking, Ti 
and Cr-enrichment and Y-rich inclusions. (a,b): SEM-SE image. (c): SEM-BSE image (compositional 
contrast). 
 
The morphology of the plan view of the scale after oxidation for 2.5h (Figure 184a) 

exhibited small equiaxed grains from the top ranging from ~100 nm up to ~1 µm, which did 

not change for a oxidation time of 80h for non-spalled regions (Figure 184b). Areas that 

were subject of cohesive spallation in the scale exhibited larger crystals, in a size range from 

~0.5 to ~3 µm (Figure 184c).  

 
Figure 184: Scanning electron images of the plan view  of the scale.  

The investigation revealed no significant changes in the size range of grains after (a) oxidised for 2.5h 
and (b) oxidised for 80h. (c) Cohesive spallation in the scale after 80h revealed larger underlying 
crystal structures. 
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As displayed in Figure 185 and Figure 186, after approximately 10h, the incorporation of 

elements from Inconel IN939 into the scale in the form of O, Ti, Nb, Ta, W-rich inclusions 

(marked with "2" in Figure 185) was observed in some regions although the Al-rich scale 

retained its integrity. The Al-rich scale near such inclusions and the scale/metal interface, 

however, appeared to be more convoluted with defects, which was not the case for inclusion-

free regions. Such (Ti, Nb and Ta/W-rich) structures could be observed in the scale in 

different sizes and number densities in a non-random manner. The scale also included 

isolated regions which were enriched in Ti (4), Cr (3) and Y together with traces of Fe (3) 

typically near the scale/gas interface. Significant traces of Ni were not detected in the scales.  

 
Figure 185: SEM images show the cross sectional scale morphology at the sample oxidised 

for 80h  for a non-spalled region.  
An alumina scale was present throughout the scale with incorporation of islands rich in Ti, Nb and 
Ta/W. Regions near the scale/gas interface were enriched in Ti, Cr and traces of Fe. The images show 
(a): a SEM-SE image, (b) SEM-BSE image (compositional contrast) and (c)-(f) EDX spectra of 
specified regions.  
xxx 
 
Investigation if islands rich in Ti, Nb and Ta/W are independent particles 

In order to examine if the islands observed are still connected with the metal base, a FIB 

reconstruction (by Dr Andreas Schertel from Carl Zeiss NTS GmbH in Oberkochen,  
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Figure 186: EDX elemental maps of selected elements of the SEM-SE image shown in 

Figure 185a,b.  
 
Germany) based on a series of BSE images was acquired and is displayed in Figure 187. The 

investigation confirmed that the different types of Ti, Cr, Fe and Y-rich inclusions (No. 3 

and 4 in Figure 185) and Ti, Nb and Ta/W-rich structures (No. 2 in Figure 185) were present 

as independent nodules which, were not connected with the coating.  

 
Figure 187: FIB reconstruction of the cross-sectional scale morphology at the sample 

oxidised for 80h  for a non-spalled region.  
The model is a reconstruction of BSE images and shows independent islands of different types of 
inclusions in an alumina scale.  
FIB.jpg 
 
Investigation of the formation mechanism of Ti, Ni and Ta/W-rich inclusions observed in the 

scale 

As described previously, nanoscopic structures, similar to strengthening γ' phases, rich in Al, 

Ti and Ni were present in many regions in the coating of the as coated condition and could 

also be observed near the coating surface. A careful observation of the situation in the 
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coating near the scale interface revealed that these particles were apparent in annealed 

samples for up to ~5h (Figure 188). For longer oxidation times they could no be longer 

observed. The observed Fe/Ni ratio of the regions including such features in the sample  

annealed for 5h was often close to 85/15 at.% or showed a higher content of Ni.  

 
Figure 188: Microscopy of a cross-sectional sample of the coating/scale interface of a 
sample oxidised for 5 h  reveals nanoscopic Al, Ti and Ni-rich particles in the coating.  

The images show (a) a SEM-SE image, (b) a SEM-BSE image (compositional contrast) and (c-e) EDX 
maps of Al, Ti and Ni using Kα1 spectral lines.  
Scale_inclusion_mechanism.jpg  
After ~10h oxidation time, C, Ti, Nb and Ta/W-rich particles, which were probably MC 

carbides, were observed instead of Al, Ti, Ni-rich nanoscopic structures. C, Ti, Nb and 

Ta/W-rich particles were observed in different regions in the coating, but also close to the 

coating/scale interface and in the scale as shown in Figure 189. Noticeable also was the 

presence of Ni in the matrix around these particles, which suggests that, as discussed earlier, 

Al, Ti and Ni-rich nanoscopic phases coarsen during annealing after ~5-10h, dissolve in the 

matrix and leave larger MC carbides as a residue. Continuing oxidation might lead these 

carbides to oxidise and become incorporated into the Al-rich scale. It should be noted that 

the ratio of Ni/Fe in the region near such, probably MC carbides, was always <15 at.% Ni for 

Ni+Fe=100at.%.  

 
Figure 189: Microscopy of a cross-sectional sample of the coating/scale interface of a 

sample oxidised for 10 h  reveals Ti, Nb and Ta/W-rich particles in the coating, probably 
containing C.  

The images show (a) the SE image and (b-e) EDX maps of C, Ti, Nb and W. 
Scale_inclusion_mechanism 10h.jpg 
 
XRD experiments 

XRD spectrographs of the plan view of the coating surface (Figure 190) revealed only the 

presence of α-Fe as a major phase in the as-deposited (non-oxidised) condition, while the 

scale of the samples oxidised for 2.5h showed spectral lines which could be assigned to α- 
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Al 2O3 (alumina). Some spectral lines of the samples oxidised for 2.5h (Figure 190b), 10h 

(Figure 190c) and 80h (Figure 190d) might be YAG, which is in agreement with 

compositional data of Al and Y-rich regions in the scale mentioned previously. As soon as 

the Ti, Nb, Ta/W-rich islands were apparent in the scale, new peaks occurred in the XRD 

spectra.  

 
Figure 190: XRD spectrographs of the coating plan view.  

The individual parts show (a) an as deposited  sample showing only ferrite peaks, while (b) oxidation 
for 2.5h resulted in the formation of phases which could be assigned to α-Al2O3 and some spectral 
lines were assigned to YAG. (c) Increasing oxidation time for 10h lead to the detection of new phases, 
which (Figure 191) became more distinct after 80h. Major peaks of phases assigned are labelled and 
unknown peaks are indicated by arrows. 
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Figure 191: The previous figure continued.  

 
 

7.3.6 TEM investigation of the nature and distribution of ODS 
particulates in the configuration 

Distribution and presence of dispersoids in the configuration 

A TEM thin foil sample of the coated button was prepared as described in paragraph 3.5.3 on 

page 60. Figure 192 displays a montage of TEM-BF images taken at low magnification and 

TEM-EDX point scanning was applied to determine the elemental concentrations of Fe and 

Ni, which indicated the location of deposit material, interface zone and substrate zone. The 

area marked in Figure 192 is viewed at higher magnification in Figure 193.  

 
Figure 192: A montage of TEM-BF images in a lower magnification shows an area near the 

coating/substrate interface, which was studied at high magnification in Figure 193.  
 
The Fe-rich zone (probably coating) included globular dispersoids and are marked in Figure 

193. However, the low number density of those compared to the following study (Figure 

194) suggest that the Fe-rich region displayed was relatively thin. The Ni-rich zone 
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(probably substrate) included particles, which were larger (up to ~150 nm) and were 

probably less globular formed small MC carbides.  

 
Figure 193: A montage of TEM-BF images shows the distribution of nanoscopic particles in 

the zone marked in Figure 192.  
The dispersoids observed in the Fe-rich zone are marked with arrows.  
 
 
Particles in Fe-rich regions 

Further TEM studies of thicker Fe-rich regions showed that a fine dispersion of globular 

nanoscopic particles (Figure 194a,b) was apparent. The size range of those was from some 

nm up to ~150 nm. Details on size distribution could not be obtained due to a high number of 

dislocations in the sample and a relatively small thin area. EDX mapping revealed these 

particles to be rich in Y (Figure 194e). Due to a high concentration of Al, Ti, Cr or Fe in the 

matrix the presence of those elements in the particles could not be investigated by EDX 

mapping.  

EDX point analyses were conducted on such particles included in Fe-rich zones and the 

result of one typical precipitate is shown Figure 195. As marked with arrows, individual 

precipitates were rich in Al, Y, while O could not be detected due to peak overlaps of O-Kα 

with Cr-Lα spectral lines. A Cu ring was used to stabilise the TEM sample and the PIPS 

procedure probably deposited this element onto the thin region, which may explain the 

detection of this element. As marked in the image, a dark feature was noticeable in the TEM 

micrograph, which might be a dislocation interacting with the precipitate.  

 
Particles in Fe and Ni-rich regions 

Figure 196 shows results of EDX mapping of a zone containing both high concentrations of 

Ni and Fe, which indicates a zone subject to strong mixing between PM2000 and Inconel 

IN939. Within this region, Y-rich globular particles in a diameter range from some nm up to 
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Figure 194: Analysis of particles in a Fe-rich region of the thin-foil sample.  

The images show (a,b) TEM-BF images of a zone investigated by EDX, viewed in (c-f) for several 
elements using Kα1-lines. (h) The presence of Y in globular particles could be confirmed.  
xxx 
 

 
Figure 195: EDX point analysis of a particle in Fe-rich material  rich in Al, Y. O could not be 

detected due to peak overlaps.  
xxx 
~150 nm were apparent distributed homogeneously. In conjunction with such precipitates, Ti 

was often detected together with strong signals of Nb and/or Ta/W. Occasionally, Ti, Nb and 

sometimes Ta/W-rich precipitates were apparent without the presence of Y. As mentioned 

previously, the M and L spectral lines of Ta show a near-overlap with the W spectral lines. 
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As was observed earlier, other elements could not be investigated as they were present in 

relatively high concentrations in the matrix, which lead to a strong background signal. The 

background signal of C was also strong and could not be used for analyses. C containing 

material might have been distributed during the PIPS procedure, originating from the 

adhesive used, over the electrontransparrent region.  

 
Figure 196: EDX map of a Fe and Ni-rich region  revealed particles with different 

concentrations of Nb, Ti, Y and Ta/W.  
Independent Nb-rich sometimes overlapping with Y-rich (perhaps peak overlap)  
More detailed investigations of these particles using EDX point scans suggested the presence 

of two main precipitate types which are displayed in Figure 197. EDX spectral lines of the 

key elements discussed as follows are marked with arrows. One type showed a stronger 

diffraction contrast in the tilt orientation chosen (EDX 1) and exhibited increased levels of C, 

Nb, W and/or Ta and probably Ti, which suggests this type to be a small MC carbide. The 

presence of Nb in such Y-free particles, was confirmed using the Lα1 line, which do not 

overlap with spectral lines of other alloying elements contained in the compounds. The 

concentration of O could not be investigated due to a strong Cr-Lα peak.  

The other particle type (EDX 2) showed (typically outer) regions with a different diffraction 

contrast. EDX confirmed the presence of Y and traces of W and/or Ta and probably Nb. As 

will be discussed later, the particle marked as EDX 2 might be an Y-rich precipitate on 

which the other particle type (EDX 1), probably a MC carbide, nucleated and grew.  
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Figure 197: EDX point analysis of the two types of dispersoids, found in a Fe and Ni-rich  

region .  
The investigation found two main types of particles. One was C, Nb and Ta/W-rich and the other 
contained additionally Y and Al.  
 

7.4 Studies of a coating produced with parameters developed 
for solid structures 

Studies of a coating produced with parameters developed for solid structures 
7.4 

7.4.1 Manufacturing details 

The retention of Y-rich dispersoids in sub-section 7.3 could be confirmed, but the 

investigation suggested thicker ODS alloy coatings for the practical use inside an engine. In 

this regard, this successive study used an increased thickness of deposit material on pins, 

which are used for burner rig trials. The exact dimensions of the pins prior to the procedure 

described as follows can be found elsewhere[390]. The configuration was fabricated using the 

procedure illustrated in Figure 198. The applied steps included milling 1.5 mm from the top 

surface away (Figure 198b) and SLM deposition of 2.5 mm PM2000 using the parameters 

developed for solid blocks in Chapter 5 (Figure 198c). Final machining (Figure 198d)  
 

 
Figure 198: Illustration of the steps involved in SLM-PM2000 deposition on Inconel IN939 

pins.  
Part (a) displays the as-received pin, from which (b) the top surface was machined away, followed by 
(c) SLM deposition of PM2000 and (d) final machining to the original dimensions.  
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resulted in a coated     part, having the same shape as the pin prior to the procedure, and a final 

coating having a varying thickness. The procedure required design (by the author) and 

manufacture (Mr J. Curran, Mr M. Jahme, both with the University of Liverpool) of a 

complex sample holder. _513  

  

7.4.2 Build morphology and dispersoid distribution 

Build morphology 

Figure 199a shows the configuration after etching using a 10vol.% HCl in methanol solution 

in an US bath in order to reveal the grain structure of the deposit material. The level of 

porosity and inclusions in the coating was low and the main alloying elements of PM2000 

were homogeneously distributed throughout the deposit material (Figure 199b). The 

configuration showed an adherent bond between coating and substrate with Fe from the 

coating and Ni from the substrate diffusing into each other, forming a Fe and Ni-rich band 

with a width of ~250 µm (Figure 199c,d). Cr-rich phases or larger Al and Y-rich inclusions 

which were present in the previous coating on a button or in solid builds were not observed 

in the present configuration.  

 
Figure 199: SEM of an etched cross sectional sample  of a coated pin configuration 

showing interdiffusion between coating and substrate.  
The individual parts show (a) a SEM-SE image, (b) a SEM-BSE image, (c) results of an EDX map 
displayed for the concentrations of Fe and Ni and (d) results of an EDX line scan of the region between 
substrate, interface zone and coating using the Kα1 spectral lines.  
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Morphology and distribution of precipitates 

The region marked with "B" in Figure 199a is displayed at a higher magnification in  

Figure 200a and covers the interface zone and the coating: The coating exhibiting a high Fe 

content, was obviously attacked more strongly by the etchant, while the other region 

displayed a lower Fe (but higher Ni) content. According to the isothermal ternary diagram of 

the Cr-Fe-Ni system, without considering the additional alloying elements (Al, Co, etc.) in 

the present case, the Fe-rich zone near the substrate might be within a mixed phase zone of α 

+ γ and γ + σ, whereas, according to the diagram the elemental composition of the other zone 

indicates the presence of γ-phase only. When considering the Ni and Cr-equivalents 

according to the Schaeffler diagram[391], possible phases are γ (austenite) and ferrite. 

Consequently, all the phases mentioned will be considered later for phase assignment of the 

configuration using EBSD.  

As mentioned in previous sections, results of FEG-SEM investigations on nanoscopic 

precipitates of etched specimens should only be considered as a preliminary suggestion and, 

more time intensive, TEM thin-foil studies should be conducted to confirm the results 

obtained. Within the Fe-rich zone, there was a high number density of globular nanoscopic 

particles in a diameter range from the resolution limit of the microscope of some nm up to 

~150 nm. The majority of particles in this zone exhibited a diameter ranging from the 

resolution limit up to ~60 nm. Larger (> ~50 nm) particles were typically finely dispersed, 

while smaller species were probably agglomerated. EDX conducted on larger particles  

(> ~80 nm), which appeared brighter (EDX 2) and darker (EDX 3) in the SEM-SE image, 

confirmed Y and perhaps Si (close peaks to Y-L). Brightness differences on those probably 

arised from charging during SEM. On the other hand, Si and/or Y could not be detected for 

large agglomerations of smaller particles (EDX 1). As was discussed before, this suggests 

the presence of dispersoids in different development stages of the particles, whereas larger 

Al-Y-O based precipitates might represent an advanced state.  

The particles in the region with an increased Ni concentration (Figure 200d) were less 

globular shaped and larger in size . The particles observed were rich in Ti, Nb and Ta/W, 

which is consistent with MC carbides. The sizes for those ranged from some nm up to more 

than 1µm in size (Figure 200d).  

 
EBSD/EDX analysis 

The transition zone from substrate - interface zone - coating was investigated by EBSD and 

EDX in order obtain information on phases involved and on grain orientation. Figure 202 

shows the SEM-SE image of the area and the elemental maps of the main alloying elements, 

Cr, Fe, Co and Ni. The diagrams confirmed the presence of an interface (diffusion) zone, 

including both Fe and Ni with a width of ~250 µm, while Cr was homogeneously distributed 

throughout the zones. The interface zone, including both Fe (from the coating) and Ni (from  

 



PM2000 SLM coatings 7 

- 230 - 

 
Figure 200: SEM of a zone etched ranging from a high concentration of Ni to a high 

concentration of Fe, suggesting to display the region of the coating/substrate interface.  
The SEM-SE images show (a) the whole zone in lower magnification and (b-d) characteristic areas at a 
higher magnification.  
xxx 
the substrate) appeared to be wider compared to the coated buttons. This was obviously 

attributed to the deposition of several layers resulting in repeated heating cycles leading to 

enhanced diffusion between both regions.  

The phase map of the same zone (Figure 203a) revealed the presence of α-Fe and γ-Ni, while 

one grain was indexed as σ-FeCr phase, which was probably in error due to a low image 

quality in this area (also indicated by a low confidence index in Figure 203c). _208  

The inverse pole (IPF) figure map (acquired for cubic crystals fcc and bcc) is displayed in  
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Figure 201: EDX of particles displayed in Figure 200.  

(a) Y could not be detected for small particles in Fe-rich material, while (b,c) this element (marked with 
an arrow) could be confirmed for larger particles in the same region. (d) Particles in material, richer in 
Ni contained elements, such as Ti, Nb and Ta/W.  
yyy 
 

 
Figure 202: An EDX analysis of the configuration showed interdiffusion between coating and 

substrate and the formation of an interface zone including both elements from the coating 
and from the substrate.  

The images show (a) the SEM-SE image, (b-e) elemental maps from Cr, Fe, Co and Ni using Kα1 
lines.  
yyy 
Figure 203b and was utilised to obtain information on grain size in the region investigated. 

In the substrate region, a large grain was evident and smaller (<50 µm) grains closer to the  

bond line had a similar orientation. Near the transition zone γ/α, the grains were small  
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(<50 µm) in the α phase and in many cases elongated perpendicular to the bond line. In the 

coating, further away from the interface, the grains were preferentially equiaxed and formed 

u-shaped macro structures in dimensions similar to the layer thickness of 50 µm. Figure 203c 

shows a high confidence of the analysis by the computer system in most regions, while the 

software was less confident in assigning regions having lower image quality (Figure 203c,d).  

 
Figure 203: EBSD analysis of the region investigated by EDX in Figure 202.  

(a) After a certain ratio of Fe/Ni, the phase map  showed the transition of α-phase into γ-phase. (b) The 
inverse pole figure  map displays small grains in α-phase and larger grains, having a similar 
orientation in γ-phase. (c) shows the confidence index  of the analysis (red=poor, green=confident) 
and (d) displays a map of the image quality  (black=poor, white=good).  
 
 

7.4.3 Oxidation behaviour 

Gibbons and Stickler (1982)[187] showed that strengthening nanoscopic γ' phases in Inconel 

IN939 do not significantly coarsen during long-term annealing using isothermal 

temperatures of up to ~870°. This temperature was chosen for long-term oxidation trials 

(10,000 h) by Lee et al. (1999)[190] using the same material. The subject of the present study 

are isothermal oxidation trials performed at 870°C for 100 h on conventionally processed 

recrystallized PM2000 and on SLM deposit PM2000; the results were compared with as-

received Inconel IN939. _Gibbons _147 _313 4000 grit finish 

Prior to oxidation the samples were ground with a 4000 grit finish and the oxidation 

procedure described in sub-section 3.4 on page 57 was applied. Future studies, however, 

should cover trials using different surface finishes since this can have a direct effect on 

oxidation behaviour in laboratory air in terms of thickness of the scale, its composition and 

residual stresses as was shown for a FeCrAl alloy[393]. A thermocouple readout (865°C) was 

compared with the readout of the furnace (870°C) and confirmed a good agreement. As was 
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described before in more detail, cross sectional samples were prepared by a method using 

Ni-electroplating. _614  

 
Observations on oxidised Inconel IN939 

During oxidation, Inconel IN939 developed a scale showing a rough surface and a uniform 

appearance of discrete features. The typical plan view of the scale surface is displayed in 

Figure 204a,b. Occasionally, nodules, rich in Ti, Nb, Ta and/or W were observed. The size, 

number density and elemental composition suggests those to be oxidised MC carbides, 

which were located, prior to oxidation on or close to the metal surface.  

 
Figure 204: The plan view of oxidised Inconel IN939 shows a rough scale consisting of 

crystals of a uniform size and shape. Also nodules, rich in Ti, Nb, Ta and/or W were 
observed occasionally.  

The images show SEM-SE images in (a) lower and (b) higher magnification.  
 
An EDX study conducted on the cross sectional configuration (Figure 205) revealed the 

presence of a Cr-rich and Ti containing oxide scale with Ti and Al-enrichment near the scale 

surface. Al-rich and occasionally Ti-rich internal oxidation within a zone of <10 µm from the 

scale/metal interface was also typical. Enrichment of the scale/metal interface with Nb and 

Ta/W as was observed at a higher oxidation temperature (Figure 181, page 217) was not 

apparent. Co and Ni, which are alloying elements of Inconel IN939, were not observed in the 

scale.  

  
Observations on oxidised conventional recrystallized PM2000 

As displayed in Figure 206, conventional processed recrystallised PM2000 oxidised under 

the same conditions formed a mainly O,Al-rich scale with a grain size of ~50-200 nm. Other 

features (O,Al-rich nodules and O,Ti-rich elongated structures) were also occasionally 

present and were regular distributed when viewed from the top of the scale. Occasional 

occurring particles (Figure 206c) showed a rough surface finish and were found to be O and 

Al-rich. Due to the small size the ratio of the elements of O, Ti-rich features could not be 

exactly determined, whereas the ratio of Al/O of the three Al-rich structure types was  

~40/60 at.%, which is consistent with Al2O3.  
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Figure 205: The investigation of the cross section of oxidised Inconel IN939 revealed a 

mainly Cr and Ti-rich scale with Al and Ti-enrichment near the scale/gas interface.  
The individual images show (a) a SEM-SE image, (b) a SEM-BSE image (compositional contrast) and 
(c-h) EDX maps of key elements.  
 
 

 
Figure 206: The plan view of oxidised conventional processed PM2000 showed a scale that 

consisted of three individual types of features.  
The images show SEM-SE images in (a) lower and (b,c) higher magnification. 
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An investigation of the cross section by SEM-EDX (Figure 207) revealed a thickness of  

~2-3 µm of the Al,O-rich scale, while the Ti-rich region in the scale displayed (Figure 207e) 

might be part of a Ti-containing structure. In the SEM-SE image (Figure 207a) brightly 

appearing regions were observed at the scale/Ni plating interface (marked with "*"), which 

might be caused by a charging effect. A bright region near the scale/metal interface (**) 

could be associated with the formation of a thin layer of α-Al 2O3
[145]. Enrichment in Cr and 

Fe in the outer regions of the scale was also observed occasionally (not displayed), whereas 

Y-enrichment was absent. As will be discussed later, the observations, except the occurrence 

of Ti-O structures, are consistent with observations described in literature on oxidised 

PM2000 using slightly higher (900°C) temperatures.  

 
Figure 207: Oxidised conventional processed PM2000 showed a mainly Al-rich scale.  

The individual parts display (a) a SEM-SE image, (b) a SEM-BSE image (compositional contrast) and 
(c-e) EDX maps of key elements. 
 
 
Observations on oxidised SLM deposit PM2000 

Interestingly, the plan view morphology of oxidised SLM deposit PM2000 was significantly 

different to that formed on the conventional variant and two types of features were apparent. 

The scale formed on the polished metal surface (Figure 208a,b) consisted of regular 

distributed platelet features with thicknesses of ~200 - 300 nm and widths of ~ 500 nm -  

1 µm. In the region of pores, another type, a dense layer of small crystals (~50-200 nm) was 

apparent (Figure 208d,e). EDX conducted on both feature types revealed an elemental 

composition of ~40/60 at.%, which is consistent with Al2O3.  
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Figure 208: The plan view of oxidised SLM deposit PM2000 exhibited two types of features. 

Those were (a,b) regular distributed platelet features and (c) near pores those were (d,e) small 
equiaxed crystals.  
 
When investigated in cross section (Figure 209), it was evident that the scale on the polished 

metal surface was well adherent and had a thickness of ~2 µm of the solid part and ~5 µm 

including the platelet structures. As was observed on the cross section of conventionally 

produced oxidised PM2000, brightly appearing regions were apparent at the scale/plating 

interface (*) and at the scale/metal interface (**). Other elements rather than O and Al were 

not observed in the scale. _485 
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Figure 209: Oxidised deposit SLM PM2000 showed platelet O and Al-rich structures at the 

scale/gas interface, followed by a dense Al-rich scale below.  
The images show (a) a SEM-SE image, (b) a SEM-BSE image (compositional contrast) and (c-h) EDX 
maps of key elements. 
 
 
XRD experiments 

In order to further investigate the scales formed, XRD scans were conducted on conventional 

PM2000 and the SLM-deposit PM2000 in the non-oxidised and oxidised condition, 

respectively (Figure 210, Figure 211). In the non-oxidised state, conventional recrystallized 

PM2000 (Figure 210a) showed only the presence of α-Fe (ferrite), which peaks were shifted 

due to the presence of additional elements (Cr, Al, etc.) in the PM2000 alloy matrix. The 

SLM deposit material (Figure 210c) showed additionally a peak slightly above the noise 

level at 2-theta = ~40°, which could not be assigned, but might be associated with O, Al and 

Y-rich inclusions. As mentioned before, the XRD spectra obtained for the oxidised materials 

were assigned by comparing those with 55 entries of various polymorphs of Al2O3 included 

in a standard XRD database (WinXPOW[348]). As will be discussed later, different techniques 

should be applied to assign the phases present (for instance EBD) and further work would be 

necessary to do this, which was beyond the scope of this thesis. Consequently, the presented 

results of this first XRD study should only be considered as a preliminary suggestion. For 

oxidised conventional PM2000, the various peaks show a good fit with those of α-Al 2O3 

(alumina) and TiO2 (rutile). Rutile is the most stable of the Ti-O compounds[394]. Also a 

strong α-Fe (110), but no α-Fe (200) peak was apparent, which might be attributed to a low 

number of grains in the material and a texture. Other series of peaks showed good fit with θ-

Al 2O3 and δ-Al 2O3, which however, are relatively weak and, therefore, there is a certain 
  



PM2000 SLM coatings 7 

- 238 - 

 
Figure 210: XRD spectra of different sample configurations. 

The spectrographs show data from (a) conventional recrystallized PM2000, (b) oxidised conventional 
recrystallized PM2000, (c) SLM deposit PM2000 and (Figure 211) oxidised SLM deposit PM2000. 
xxx 
possibility of error in the assignment. For oxidised SLM-PM2000 deposit material only α-Fe 

could be confidently assigned, while a series of minor peaks are perhaps α-Al 2O3, which  
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Figure 211: The previous figure continued.  

xxx 
might be only present in pores as equiaxed crystals. However, the remaining peaks (marked 

with an arrow), represent probably the platelet features, but could not be confidently 

assigned to any of the Al2O3 polymorphs. As will be discussed later, a possible structure type 

of the platelet features is θ-Al 2O3 (displayed in the figure) and the spectra provided for 

randomly oriented crystals of this type cover all the un-indentified peaks of the present 

experiment, which might be θ-Al 2O3 grown in a particular orientation and therefore it can be 

expected that not all peaks show up in the XRD spectra.  

7.5 Discussion 
7.5 
Discussion 

7.5.1 Investigation of the substrate material 

Microscopy (optical, SEM, TEM) was conducted on Inconel IN 939, which was used as 

substrate material. The qualitative chemical composition of C, Ti, Nb and Ta/W-rich 

particles (type a) in the substrate is consistent with MC carbides[187] as is the location 

typically on grain boundaries[195]. The morphology and chemical composition of platelet 

phases observed (type b) is consistent with η (N3Ti) phase with a described solubility of Co, 

W, Al and Cr[199 (after 187)]. Larger volume fractions of η phase need to be avoided as this leads 

to the material exhibiting weaker mechanical properties[395]. Differences in surface 

topography of both phases are likely to be caused by a different wear resistance of these 

structures and the abrasive nature of the sample preparation process leading MC carbides to 

be proud and platelet phases to be below the surface level. Observed globular nanoscopic 

structures are strengthening γ' (Ni3(Al) phases which can also dissolve other elements, such 

as Ti, Nb or Ta[187]; the elements Ni, Al and Ti could be confirmed in the present 

investigation. Later it will be suggested that MC carbides go into solution into coarsened Ni, 

Al and Ti-rich γ' phase near the bond line during SLM deposition. _147, _38, _149 after _147  
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7.5.2 Studies of a coating produced with non-optimised parameters 

In order to evaluate the feasibility of PM2000-SLM coatings, a coated Inconel IN939 button 

configuration was produced using non-optimised parameters. Several studies were conducted 

and are discussed according to the order in the sub-section presenting the results.  

 
Manufacturing details and surface roughness 

The surface of the buttons exhibited a high surface roughness and obviously balling. Such a 

morphology is probably caused by large localised amounts of molten material perhaps 

dragging neighbouring powder particles into the melt pool that solidifies in this form[378]. 

Changes in process conditions, such as slower traverse velocities and the deposition of 

thinner powder layers might be the means to reduce such detrimental effects[285,378]. 

However, a layer thickness of > ~50 µm of Fe-rich material could be retained. _516   

 
Build morphology of the as-coated condition 

The cross section of the as-grown coating/substrate configuration showed a Fe-rich coating 

zone including some localised regions containing higher concentrations of elements from the 

substrate. Between coating and substrate, an interface zone formed in previous substrate 

material including relatively low concentrations of Fe from the coating. The distribution of 

Al, Fe and Ni in the deposited material can be explained by the stirring that occurs during the 

SLM process, similar to conduction based laser welding. This implies that the substrate melts 

at least locally during deposition (perhaps only) close to the coating/substrate interface. 

Here, due to Marangoni forces caused by a strong thermal gradient in the molten zone, the 

melt pool rotates and mixing effects occur leading to a flow of material from the surface into 

deeper zones and vice versa[261] as was described before in more detail. The number density 

of supposed MC carbides in the interface zone (previous substrate) was lower than deeper in 

the substrate material, but there was no sign of stirring, which would be evidence of melting. 

If the interface zone is just a heat affected zone, it can be presumed that MC carbides, 

featuring thermal stability up to ~1300°C[199], go partly into solution in the matrix or in  

γ' phase during heating caused by the deposition process. The low concentrations of Fe 

observed in this zone may well arise from diffusion of coating material. The fact that 

strengthening nanoscopic γ' phases could no longer be observed in the interface zone may be 

associated with the presence of thermal conditions during processing leading this phase to 

dissolve in the matrix or significantly coarsen it. Alternatively, it might be destabilised by 

the other elements (e.g. Fe) or it may melt in case that the interface zone is a melting zone. 

The redisolve temperature of γ' phases in Inconel IN939 is, for instance, 1080-1100°C[199,201] 

and would be possible in solid IN939 having a melting temperature of 1340°C[199,200]. The 

latter process may be associated with a decrease in mechanical strength and hardness of the 

interface zone, which is indicated by a lower topography of this zone. Chabaane (2010)[396] 

confirmed lower hardness of the interface zone compared to coating and substrate material 
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using microhardness testing[396]. No sign of stirring, such as dragged PM2000 into deeper 

regions or agglomerations of MC carbides could be observed which would suggest that the 

interface zone is just a heat affected zone. However this region being a melt region could be 

not confidently excluded. In many regions in the coating, Al, Ti, Ni-rich nanoscopic phases 

were observed. It is possible that those are formed out of strengthening γ' phases from 

molten substrate material, perhaps close to the coating/substrate interface as was mentioned 

before. The thermal conditions, for instance a short melting time, during deposition 

prevented them from deterioration or significant coarsening. Stirring mechanisms during 

processing might have transported them deep into the coating zone. There might also be a 

stabilising effect of these nanoscopic compounds of the elements included in the matrix, for 

instance Fe, which prevented them from dissolution or strong coarsening and shape changes 

might be associated with compositional changes. _52   

The O, Al and Y-rich structures observed on the coating surface may have a similar 

formation background to those formed on the hexagon structure (sub-section 4.5 on page 93) 

and on wall and solid builds (Chapter 5). As no other phases, other than α-Fe were detected 

by XRD of the coating plan surface, there might be a possibility that the O, Al and Y-rich 

particles are composed of a number of phases, are amorphous or could not be detected due to 

the sensitivity of the equipment. The high volume of such compounds observed has the 

potential to include the majority of Y, originally included in the deposit PM2000.  

 
Interdiffusion behaviour 

The study demonstrated that successive annealing of the coated button configuration lead to 

further interdiffusion of Inconel IN939 and PM2000 and the formation of new phases at the 

bond line. The Al distribution profile indicated consumption of that element in the coating 

zone during prolonged oxidation time, which is typical for the oxidation of alloys similar to 

Fe-20Cr-5Al.  

The qualitative elemental composition of circular shaped structures was similar to γ' (Ni3Al) 

phase. Coarsening of γ' particles is, in general, strongly temperature and time dependent with 

coarsening effects observed starting at ~870°C[187] reported for long-term annealing of 

Inconel IN939. The solvus temperature of the γ' phase (1080-1100°C[199,201]) was similar to 

the trial temperature applied (1100°C), which suggests that this phase degraded from its fine 

dispersion and formed the globular and needle shaped structures observed. The ordered 

arrangement of needle-like structures suggests growth with preferred orientation.  

These needle-like features might be new platelet phases, for instance η (Ni3Ti), with a 

solubility of other elements and can be formed from γ' phase. Unspecified platelet phases 

were also found by other researchers in Inconel IN939 with a very similar quantitative 

composition to the needle-shaped structure observed, which was Ni (60.1at.%), Ti(13.5at.%), 

Co(13.9%), Cr(4.8%), Nb(3.1at.%), Al(1.9at.%) and other elements in traces. Such platelet 

phases, lead to a decrease of the mechanical properties of Ni-base superalloys.[395] _147 _323  
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A band of Ti, Nb and Ta/W-rich particles (probably MC carbides) can be observed near the 

bond line but such particles were also present in the coating region; the number density of 

those increased with an increase in annealing/oxidation time. An explanation for this effect 

can be dissolution of primary MC carbides in nanoscopic Al, Ti and Ni-rich structures 

(Figure 173 on page 211) during SLM deposition which might be formed out of 

strengthening γ' phases (originally included in Inconel IN939) in molten matrix. The 

solubility of elements, such as Ti, Nb, Ta and W in fine and coarse γ' phases were described 

by a number of authors[186,187]. During an increase in annealing/oxidation time, the Al, Ti and 

Ni-rich structures appear to dissolve in the matrix and secondary MC carbides probably form 

as a residue of these compounds. The directional orientation of this process towards the 

coating surface suggest an influence from the diffusion of elements from substrate into that 

region, for instance Co or Ni. This is probably due to ternary diffusion, where the diffusion 

of one element affect another[397]. Whether elements, perhaps Fe, included in PM2000 

stabilize the nanoscopic Al, Ti and Ni-rich structures and whether the observed Fe/Ni ratio of  

~85/15 at.% close to this transition zone played a role in this process is a subject requiring 

further studies.  _147  

The surface topography of the small Ti, Nb and Ta/W-rich particles and Cr-rich phases was 

obviously caused by the hardness of these structures and the abrasive nature of the sample 

preparation process. If MC carbides are harder than Inconel IN939 and PM2000, it can be 

presumed that the Cr-rich phases observed were harder as well, while circular and needle 

shaped structures were softer. A directional degradation process of the Cr-rich phase, 

perhaps internal oxides or intermetallics, towards the coating surface suggests an effect of 

diffusion of substrate material, such as Co or Ni (uphill ternary diffusion). Alternatively, 

there may well be an effect of the Al concentration gradient on Cr diffusion.  

 
Oxidation behaviour of un-coated Inconel IN939 

Isothermal oxidation trials were conducted in laboratory air at 1100°C on substrate material. 

The applied oxidation temperature is suitable for PM2000, but was significantly above the 

service temperature of Inconel IN939 and was chosen to decrease the time scale for the 

experiment. Consequently, no studies have been published for oxidation of Inconel IN939 at 

this temperature. The study conducted showed an interesting oxidation behaviour with the 

formation of a (mainly) Cr-rich oxide scale. Lee (1999)[190] conducted long-term oxidation 

trials on Inconel IN939 at 870°C for 4,500 h using 1h intervals and found a similar scale 

which consisted mainly of Cr2O3, but traces of TiO2 were also detected, which appeared to be 

consistent with the present observations. Ni, Co and probably Cr-rich nodules in the inner 

regions of the scale might be remains of γ matrix from Inconel IN939 incorporated during 

the formation of the scale. The presence of O and Al-rich structures incorporated in the metal 

can be explained by internal oxidation forming independent Al2O3 nodules. The formation of 

a thin continuous layer below the Cr-rich scale, containing Ti, Nb and Ta/W was not 
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observed by Lee (1999)[190] nor were O and Al-rich nodules in the substrate material and are 

probably both caused by the high oxidation temperature. _313   

 
Oxidation behaviour of the coated button configuration 

Samples taken from coated buttons were oxidised at the same temperature and conditions as 

Inconel IN939. The scale morphology observed was consistent with conventional PM2000 

oxidised at 1100°C for similar times, where a protective α-Al 2O3 scale enriched with 

(Cr,Fe)2O3 and TiO2 was typical[398]. As observed in the present study, fine grains in the 

oxide layer at the scale/gas interface were followed by larger columnar grains underneath in 

a morphology which is typical for similar trials on conventional ODS[399] or ODS-free[400] 

FeCrAls._290 _282 _482 _481401402 

As was shown by Weinbruch et al. (1999)[398], enrichment of the outer regions of the scale 

with Y was found to start after ~10h at 1100°C for bulk PM2000 and a fine Y-rich oxide 

dispersion in the metal matrix seemed not to be depleted even after prolonged oxidation 

times of 10,000h[398]. In the present project, Y-enrichment near the scale/gas interface could 

be observed after 2.5h, while results from EDX and XRD studies suggest the formation of 

YAG incorporated into an α-Al 2O3 scale during scale growth.  

Typically, oxides are chemically more stable than carbides[403] and inward growth of the 

oxide scale may result in oxidation of Ti, Nb and Ta/W-rich, supposed MC carbides 

resulting in incorporation of other oxides formed as independent islands in the Al-rich scale. 

It appeared that this oxidation process disturbed the formation of an uniform Al-rich scale. _480 

 
TEM investigation of the nature and distribution of ODS particulates in the configuration 

TEM conducted on a thin foil sample prepared from the coated button revealed the presence 

of different types of nanoscopic precipitates. Particles rich in Y (type a) observed in Fe-rich 

regions suggest the retention of Al-(Si-)Y oxides or multiphased Y-rich precipitates as 

observed in Chapter 4 in deposit PM2000. Their number density, however, appeared to be 

lower than in previous SLM-PM2000 builds, which might be associated with a significant 

loss of Y into the O, Al and Y-rich structures on the coating surface. The size distribution, 

when observed visually, appeared to be in the range of other SLM-PM2000 builds and of 

conventional processed PM2000 subject of the previous Chapters 4 to 6.  

Observations in a Fe and Ni-rich zone showed nanoscopic strongly scattering particles in the 

tilt orientation chosen (type b) containing elements, such as Nb, Ta/W and probably C, 

typically included in MC carbides in Inconel IN939 and such nanoscopic particles might be 

of the same type. It appeared that such structures were attached to particles of a different 

type. The fact that Y, but also traces of W and/or Ta can be detected and probably Nb (peak 

overlaps with Y) suggests that particles of type b nucleated and grew on particles, type a. As 

the formation temperature of MC carbides in Inconel IN939 (1300°C[199]) together with the 

melting temperature of PM2000 (1482°C[48]) and Inconel IN939 (1235°C[199,200]) is lower 
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than the melting temperature of typical Y-Al-O (1917-1977°C[Figure 7]) compounds, this 

mechanism may occur in molten metal during SLM deposition.  

 

7.5.3 Studies of a coating produced with parameters developed for solid 
structures 

PM2000 was SLM-deposited on Inconel IN939 pins using optimised parameters from 

Chapter 5; several studies were conducted on samples taken from this structure.  

 
Build morphology and dispersoid distribution 

The study showed that SLM processing parameters to fabricate solid structures can be used 

to direct build on Inconel IN939 substrate by retaining a similar low level of build defects.  

FEG-SEM work was conducted of an etched zone, ranging from a high concentration of Ni 

to a high concentration of Fe. Globular precipitates could only be observed in a zone with a 

high Fe content suggesting that this was deposit material with ODS particles retained. As 

mentioned before, such FEG-SEM studies can only be regarded as a preliminary suggestion. 

Larger dispersoids were Y-rich, which suggests that those, as was discussed before, represent 

an advanced evolution state as Y might have replaced other elements in those. Less globular 

particles formed in a Ni-rich zone including Ti, Nb and Ta/W might be MC carbides which 

could form during SLM deposition by melting of the substrate and successive heating cycles 

during deposition of multiple layers. Particles including both elements from MC carbides 

and Y, were not detected using SEM techniques, but might be present as was suggested by 

the previous TEM study on coated buttons. A further route to investigate the precipitates in 

the present configuration might be work on TEM-thin foil samples.  

The ternary phase diagram of Cr-Fe-Ni[404] for a Cr content between 19.0 wt.% (PM2000) 

and 22.5 wt.% (Inconel IN939) indicates Ni as a strong γ (fcc) phase former, which could be 

confirmed in the present study. Minor volume fractions of σ-FeCr phase are also possible 

according to the diagram. However, in the present case, the detection of σ appeared to be 

associated with a low image quality leading probably to errors in phase determination. _479  

The texture observed in the Ni-rich material near the interface zone can be explained by the 

presence of originally large grains in the substrate before the deposition process. The thermal 

conditions in the substrate near the bond zone during SLM deposition might lead to the 

formation of subgrains, but retaining approximately the previous lattice orientation while  

γ-phase was retained in this zone. During SLM deposition of the first layers, the substrate 

might be relatively cool and probably acts as a heat sink leading to a strong cooling rate in 

deposit material, which might explain relatively small grains near the bond line in Fe-rich 

(deposit) material. With an increase in the number of deposited layers, the substrate heats up 

leading to a lower cooling rate during SLM after depositing the first layers, which might lead 

to the larger grains observed in the coating with increasing distance from the bond zone in 
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direction to the coating surface. The formation of U-shaped macrostructures is probably 

associated with the shape of deposited hatch lines. A columnar orientation of the grains may 

be caused by the thermal gradient during solidification perpendicular to the bond line as was 

discussed before and the growth of pre-existing grains rather than nucleation of new ones. _66 _65 _484 _485 _524  

 
Oxidation behaviour 

It was shown that oxidised Inconel IN939 formed a, mainly O, Ti and Cr-rich scale, which is 

similar to observations by Lee et al. (1999)[190] using the same atmosphere (laboratory air) 

and temperature, but significantly longer oxidation times (100k h). In that work, the scale 

was identified as Cr2O3 and TiO2. A NiO top layer and an intermediate spinel layer were 

found by Lee et al. (1999), however, they were not observed in the present study.  

For the coated pin configuration, the coating is much thicker compared to the coated button. 

Therefore, it can be presumed that the oxidation behaviour is identical with or without the 

substrate. Interestingly, conventionally fabricated PM2000 and SLM deposit PM2000 

showed a different scale morphology when oxidised under the same conditions. It was 

shown previously (page 29) that there is a temperature dependent reaction sequence of 

different polymorphs of Al2O3 and the trial temperature 870°C was close to the 

transformation temperature 900°C of δ → θ phase. Since certain conditions, for instance the 

grain size of the metal, surface deformation, the surface finish or the presence of 

dislocations, might slightly change this transition temperature the presence of both 

polymorphs in oxidised conventional PM2000 might be possible. The phase transformation 

of these polymorphs is perhaps also time dependent and even direct transformations from, 

for instance, γ → α-Al 2O3 on metallic surfaces are described in literature[157]. This might 

facilitate the presence of δ, θ and α-Al 2O3 on oxidised conventional PM2000 as was 

suggested by an XRD study. The suggested presence of θ and α-Al 2O3 formed on this 

configuration could be perhaps associated with properties of the SLM material, such as 

internal stresses, grain size etc. The present observations are similar to results of a study by 

Weinbruch et al. (1999)[178] who performed isothermal oxidation trials in laboratory air for 

80 h at 900°C on conventional PM2000 and observed mainly the formation α-Al 2O3, but also 

(Cr,Fe)2O3 and θ-Al 2O3. It was shown by Montealegre et al. (2005)[181] that θ-Al 2O3 formed 

on a metallic surface exhibited a platelet morphology with sizes of the individual features 

similar to those observed on oxidised SLM-deposit PM2000 in this work. It is obvious that 

XRD alone does not give a definite answer for the phases formed on the present oxidised 

specimens. This is also due to the fact that in some cases the oxides grown might have a 

preferred orientation and, thus, not all diffraction peaks occur in the XRD spectrum or are 

weaker or stronger as would be the case for randomly orientated crystals. Hence, additional 

investigations are recommended to confidently assign the phases involved, which should 

cover a series of oxidation trials at different temperatures and the application of additional 

techniques, for instance EBD in a TEM.  
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7.6 Chapter summary 
Chapter summary 
7.6 

Investigation of the substrate material 7.2 

In the as-received condition, the substrate material (Inconel IN939 buttons) contained MC 

carbides (smaller than ~20 µm), which were often located on grain boundaries. Another 

microscopic structure observed occasionally with sizes smaller than ~50 µm was supposedly 

platelet η phase. The presence of a large volume fraction of strengthening nanoscopic  

γ' phases with diameters ~150 nm could also be confirmed. TEM-EDX detected significant 

concentrations of Al, Ti and Ni in these features.  

 
Studies of a coating produced with non-optimised parameters 7.3   7.3.2 

One subject of this study was the deposition of a single layer of PM2000 on Inconel IN939 

buttons. The coated surface exhibited balling of deposit material accompanied by a rough 

surface finish, but a low level of porosity and the minimum thickness of the coating was  

~50 µm. Between coating and substrate, an interface zone formed including both elements 

from the substrate and from the coating. It appeared that this zone was formed by 

interdiffusion of substrate and coating material during processing. Strengthening nanoscopic 

γ' phases deteriorated in most regions of this interface zone, which was obviously associated 

with the thermal conditions during deposition. Nanoscopic phases having a similar chemical 

composition, size and appearance to strengthening γ' phases were apparent in many regions 

in the coating and in the interface zone. Their appearance can be explained by the conditions 

during SLM deposition leading to small amounts of Inconel IN939 melting near the bond 

line, while stirring effects might transport this material into the PM2000 deposit. Perhaps due 

to a strong cooling rate, nanoscopic γ' particles could be retained in this zone, which might 

perhaps also be attributed to a stabilising effect of elements from the coating, for instance Fe. 

MC carbides which were originally included in the substrate material near the bond zone, 

appeared to go partly into solution during the deposition process. O, Al and Y-rich structures 

were apparent on the surface of the coating, which appeared to be similar to nodules 

observed previously on the other SLM builds subject of this work. The relatively high 

volume of such (Y-rich) features observed has the potential to include the majority of Y, 

originally included in the deposit PM2000 required to form strengthening dispersoids.  
(7.3.3) 

During annealing/oxidation at 1100°C, new phases were formed near the bond line and 

occasionally in the coating; chemical analysis indicated they were MC carbides. It appeared 

that primary MC carbides dissolved in structures having a γ' phase-like size, appearance and 

chemical composition. During an increase in annealing/oxidation time such structures 

coarsened, appeared to dissolve in the surrounding matrix and the structures observed 

seemed to be secondary MC carbides left as a residue from this process. Circular and needle 

shaped structures observed in the substrate material may be explained by degradation of 
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strengthening γ' phase and the formation of new platelet phases during the heat treatment 

which would lead to a decrease of mechanical properties of the configuration.  
(7.3.4) 

Un-coated Inconel IN939 oxidised at 1100°C for 80h in laboratory air formed an 

approximately 20 µm thick Cr-rich scale, probably Cr2O3, with Ti-rich regions mainly at the 

scale/gas interface, which is consistent with observations on cyclic long-term oxidised 

Inconel IN939 at 870°C. A Ti, Nb and Ta/W-rich intermediate layer with a thickness of  

~3 µm between scale and metal could also be observed. In the Cr, Co and Ni-rich metal, 

close to the scale, a band of independent nodules up to 20 µm thick, probably internal 

formation of Al2O3, was apparent.  
(7.3.5) 

An EDX and XRD study demonstrated that the coating, while isothermally oxidised at 

1100°C, formed an initial α-Al 2O3 scale with Y-rich inclusions as observed after 2.5h. Other 

elements, such as Ti, Nb, Ta/W from the substrate material were detected as independent 

nodules after approximately 10h oxidation time. The alumina scale retained its integrity, 

while the consumption of Al in the coating was clearly evident. The presence of Ni was 

never detected in significant amounts throughout the scale. On the outer side of the scale, 

enrichment of Ti and Cr and traces of Fe were observed, which is consistent with the scale 

morphology of conventionally processed PM2000. The formation of independent Ti, Nb and 

Ta/W-rich island can be explained by oxidation of secondary MC carbides during inward 

scale growth that formed in the coating near the metal/scale interface by the mechanism 

previously described. Results of this investigation will help to optimise the coating in regards 

of long-term integrity and oxidation resistance. In the accelerated test, the oxide spallation 

observed and the presence of Ti, Nb, Ta and W-rich nodules and Ni-diffusion, disturbing 

alumina scale growth would suggest that a thicker coating and lower operating temperatures 

are required for the coating/substrate combination to be of any practical use inside an engine.  
(7.3.6) 

A thin-foil sample of the configuration was studied by TEM. In Fe-rich material (indicating 

deposit PM2000), Y-rich globular particles, probably Al-(Si-)Y-O in a diameter range from 

some nm up to ~150 nm were observed. In Fe and Ni-rich regions, more equiaxed formed 

nanoscopic structures were apparent, which had a chemical composition similar to MC 

carbides. It appeared that such structures nucleated and grew on Y-rich (probably Al-(Si-)Y-

O) globular particles during the deposition process. All these findings suggested that the 

deposition of multiple layers of PM2000 may lead to better properties in terms of retaining 

more Y in the coating, avoiding the mixed Y-rich precipitates with elements from the 

substrate and in oxidation behaviour.  

 
Studies of a coating produced with parameters developed for solid structures 7.4 // 7.4.2 

Optimised processing parameters to fabricate solid builds were developed in Chapter 5 and 

were successfully applied to direct-build on Inconel IN939 pins in order to address 

detrimental issues observed on the previous coated button configuration. The configuration 

produced exhibited a low level of porosity and an adherent bond between coating and 
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substrate. A high number density of globular dispersoids in a size range from some nm up to 

~100 nm could be observed in the Fe-rich material, supposed the PM2000 deposit. For larger 

(> ~60 nm) dispersoids Y could be confirmed using SEM-EDX, but Y could not be detected 

in independent or agglomerations of smaller precipitates. These observations are consistent 

with previous studies. Smaller dispersoids probably represent the early stages of Al-Y-O 

development during SLM including several of elements, such as Al, Ti, Cr and Fe, with a 

low concentration of Y. The configuration formed a ~250 µm thick interface zone between 

the substrate and deposit material including both elements from both zones. This zone was 

significantly wider than in the previous coating on Inconel IN939 buttons, which was 

probably caused by repeated heating cycles due to the deposition of multiple layers. In Fe-

rich material (supposed deposit material), small (<50 µm) grains were apparent near the 

bond line with a more columnar orientation and there was an increase in grain size in 

direction of the coating surface, which may be associated with the thermal conditions during 

fabrication. The grains in the coating region formed U-shaped macro structures which 

appeared to be a remnant of the individual deposit hatch lines.  
(7.4.3) 

Isothermal oxidation trials were conducted on as-received Inconel IN939 at 870°C for 100 h, 

conventional recrystallized PM2000 and SLM deposit PM2000. Inconel IN939 formed a O, 

Ti and Cr-rich scale, and internal oxidation of mainly Al and O-rich structures. Prior to 

oxidation, both conventional and SLM deposit PM2000 was present as α-Fe as revealed by 

XRD. After oxidation, SEM, EDX and XRD revealed the formation of an Al-rich scale 

composed of different polymorphs of Al2O3. Interestingly, both variants exhibited a different 

scale morphology, which was well adherent in both cases. XRD suggested the formation of 

α, δ and θ-Al 2O3, but further studies on this using different temperatures and techniques are 

recommended to pinpoint the involvement of Al2O3 polymorphs.  
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Conclusions and recommendations for future work 

The primary emphasis of this work was to determine the principal feasibility of the SLM 

process in ODS alloy environment by growing and examining PM2000 structures, which 

could be clearly confirmed. Secondary, key findings and fundamentals were obtained, that 

may be basis of future studies in this field. This chapter summarises briefly the key 

conclusions of this work and presents recommendations for future studies.  

 
Characterisation of a complex thin-walled structure grown with non-optimised processing 

parameters 4 

An initial study on samples taken from a complex thin walled hexagon structure fabricated 

with non-optimised parameters showed that globular Y-rich dispersoids were apparent in 

walls of the build in the as-grown condition in a homogeneous distribution with a size 

distribution very similar to conventionally processed recrystallized PM2000. A FEG-SEM 

based study of the top of the build indicated that there was only a low number of small 

dispersoids in the layer after it was put down. Indications were found that different 

development stages of the precipitates were apparent when moving from top of the build 

downwards (increasing the number of successive heating cycles) and particles nucleated and 

grew in the matrix, by using Y, which was probably still in atomic supersaturated solution or 

present in the form of ultrafine dispersoids below the resolution limit of the microscope used. 

Such nanoscopic particles might have survived the MA and melting processes and could well 

act as nuclei for the dispersoids formed. An equilibrium state at which no further 

modification of the particles occurred appeared to be reached after a certain distance from 

the wall top. When investigating precipitates in the build (far away from the top of the 

build), smaller particles (< ~50 nm) were multi-phased and contained a number of different 

elements, for instance, O, Al, Ti, Cr, Fe, Y. Larger precipitates (> ~50 nm) contained higher 

concentrations of Al and Y and a lower number of phases involved and represented probably 

an advanced state in particle evolution. Such larger particles might well be retained from re-

molten material, perhaps originally located on grain boundaries where diffusion processes 

would be increased. As a consequence, particles are closer to the equilibrium state, which 

was also observed after a post-build anneal (1200°C / 1h). This treatment decreased the 

number of individual phases in all particles (typically one) which were mainly of the type 

YAM and some were probably of an O, Al, Y and Si-containing unknown type. The 

suggested mechanism for the observations were diffusion processes as Y diffuses slowly in 



Conclusions and recommendations for future work 8 

- 250 - 

α-Fe matrix, which increases significantly at high temperatures and might finally replace 

other elements in the multi-phased particles depending on their chemical affinity, which 

simply diffuse into the matrix. A similar mechanism might also happen during repeated 

heating cycles during SLM deposition. The post-build heat treatment resulted also in an 

increase in the number density of small (5-15 nm) Y-Al(-Si)-O dispersoids, perhaps due to 

nucleation and precipitate growth, while another fraction was probably subject to coarsening. 

Also in this case, ultrafine particles might act as nucleating sites and the chemical affinity of 

the compound types might influence their final size. Negative aspects of the build were 

defects (cracking, inclusions, porosity, poor surface finish) and a loss of ~25-30 at.% of Y 

originally included in the alloy into surface nodules and into inclusions.  

Very interesting for future work might be a TEM study of a sample taken from the very 

upper end of this or optimised builds (Chapter 5) in order to study dispersoid evolution 

during post-build annealing and investigate the presence of ultrafine particles. Thin-foil 

samples should be utilised for this study as the extraction procedure changes the stress field 

around precipitates leading to the potential to change the individual crystal structures of for 

instance YAlO3, which has the known polymorphs YAH, YAP and YAP'. Also an XRD 

study of extracted particles might reveal further details as well as a study of the individual 

volume fractions of precipitates, which can be determined using different methods to obtain 

the thickness of electron transparent regions for this, which are for instance 

• Kossel-Möllenstedt fringes in TEM of thin foil samples[321] 

• Measuring of the thickness of thin foils prepared by FIB techniques using SEM 

• EELS based methods, which have been explained in section 3.5.4 

 
Parameter development to grow walls with different thicknesses and solid structures 

SLM parameter development was conducted in order to significantly improve build 

properties and to provide settings to grow novel solid structures and walls with different 

thicknesses. A relative density of the wall builds of > 99.5% and of >98.5 for the solid build 

could be achieved. For all builds, the grains were typically elongated and oriented along the 

growth direction, but shorter and more stirred in case of the solid builds. EBSD was 

conducted and revealed a strong [001] fibre texture along the growth direction for a thin wall 

(SLM wall 1). The grain structure of both wall and solid builds could not be manipulated by 

applying a post-build recrystallisation treatment (1380°C / 1h), which is the standard 

recrystallisation procedure for conventional as-extruded PM2000. This suggests that the 

stored energy in the builds is below the level to initiate recrystallisation, which is very likely 

due to the lack of cold work. A fine dispersion of homogeneously distributed precipitates 

could be retained in the optimised wall builds, which were significantly coarser in solid 

blocks. Results were obtained which further amplify the previous suggestions on dispersoid 

evolution when studying the upper region of the builds.  
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In order to characterise the developed build configurations further, more detailed 

microscopical studies are necessary. Those should focus on annealing response, also in 

regards to tensile test results in Chapter 6, particle morphology, matrix/particle coherency 

relationships and the evolution of the volume fraction of dispersoids of the structures 

fabricated. The upper top end of SLM wall 1 would be an appropriate area to study particle 

evolution. Of great interest might also be the evaluation of new scanning strategies in order 

to minimise build porosity of solid structures and to retain a fine dispersion of precipitates. 

An example might be pre-sintering of the intended hatch region with reduced laser energy, 

followed by a final scan using perhaps new parameters determined. As this would probably 

minimise the possibility that as-MA powder is being ejected, a consequence would be a 

reduction of dust formation when large areas are scanned (see Chapter 6). Dust deposition on 

the build space might also be reduced by changes on the gas system. The pre-sintering 

strategy might also offer a route to more flexibility with the consolidating (final) processing 

parameters in terms of achieving a preferential precipitate size and number density by 

retaining a high density of the build. However, it should be highlighted that full melting of 

the powder need still to be achieved. The present study and previous work[15] suggested that 

a low energy input together with high cooling rates might result in smaller dispersoid 

diameters and the focus might be on such conditions up to full laser power of the machine. A 

shorter time the material is molten might, in parallel, lead to a reduced rate of the formation 

of Y-rich inclusions and nodules on the surface, which would increase the concentration of Y 

in the builds. Another approach might cover parallel ODS alloy and manufacturing setting 

development to achieve perhaps a situation where the majority of Y might still be in atomic 

solution or in nanoscopic clusters in the as-grown build. In terms of alloy development it 

might be considered that controlled additions of Ti to alloys similar to PM2000 might retard 

the formation velocity of precipitates as was discussed before, while other element additions 

are known to enhance wetting behaviour and fluidity of molten metals, such as Bi (bismuth) 

in Al alloys[405] with beneficial effects on SLM-consolidation of Al alloys[238]. The 

concentration of Y in the alloy might be increased in order to compensate losses of this 

element during consolidation. Additionally, the controlled additions to ODS steels of group 4 

elements, Ti, Zr (zirconium), Hf (hafnium) or La (lanthanum) may result in finer dispersoids, 

which are complex oxides of Y[406,407,408]. A post build heat treatment might be developed for 

resulting builds to form ODS particles in the matrix and to adjust their size distribution. 

Ways to achieve a coarse grain structure of resulting builds would also be of great interest in 

terms of enhanced creep properties. The current work, however, did not provide suggestions 

to achieve this. _509 _514 _615_616_617 

 
Microtensile and creep tests on optimised SLM walls and solid structures 6 

Of profound interest was also the mechanical performance of such optimised configurations. 

In terms of tensile behaviour it was found that annealed (1200°C / 1h) specimens exhibited 

enhanced properties compared to as-grown components. This observation was most 
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significant for builds originally fabricated with a low energy input suggesting that small 

precipitates which formed during the post-build annealing step using Y in atomic solution or 

in nanoclusters in the as-grown state may have resulted in increased pinning of dislocations. 

For both walls and solid builds, values of YS0.2 up to those of recrystallized conventional 

PM2000 could be achieved. Creep testing was performed on a relatively low number of 

samples, which were taken from solid builds since wall builds were too thin for this. The key 

result was that such configurations exhibited inferior performance compared to both 

conventional as-extruded and recrystallized PM2000. Indications were found that equiaxed 

non-randomly occurring porosity in the solid builds were detrimental for both tensile and 

creep strength. In contrast, typically more globular shaped minor porosity in wall builds 

appeared not to have a detrimental effect on tensile properties. This also might be the case on 

creep performance which, however, can only be studied after modifications on the test 

equipment.  

Testing of SLM builds at elevated temperatures is of great interest in regards to considered 

high-temperature applications of PM2000. Continuation of creep testing, perhaps with a 

modified test equipment having less weight, would lead to a further insight into SLM-

PM2000 materials characteristics. Also, as already mentioned in Chapter 5, further 

metallurgical characterisation of the builds fabricated should be conducted.  

 
PM2000 SLM coatings 7 

SLM was found as a suitable method to direct-build with PM2000 as-MA powder on Inconel 

IN939 and an effective bond was formed between both materials with an interface zone 

between them including elements from the deposit and from the substrate. Small (< 150 nm), 

non-agglomerated Y-rich precipitates could be retained in deposit material. The 

configurations fabricated were buttons coated with one layer and pins with multiple 

deposited layers. The configurations were tested isothermally in laboratory air in two 

individual tests at 1100°C and at 870°C. In both cases, a mainly Al-rich scale with different 

Al 2O3 polymorphs grew on the samples. When oxidising conventionally produced 

recrystallized PM2000 and SLM-deposit PM2000 at 870°C for 100h, different scale 

morphologies were apparent, which is interesting and need to be investigated further to 

confidently confirm the phases involved and the evolution of the scale.  

Of particular interest for future studies is the nature and distribution of dispersoids in the 

SLM-PM2000 coating / Inconel IN939 pin configuration, which might be studied on TEM 

thin-foil samples. This study was also aimed to support the future deposition of Ni or Fe-

base ODS materials of ODS-free substrate of the same type. How such SLM-ODS materials 

compare to conventional materials during oxidation are of great interest for future 

applications, which might cover long-term or cyclic studies at different atmospheres or 

studies on kinetics.  
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Elemental composition of the used mechanically alloyed PM2000 powder 

 

Appendix 1: Elemental composition of the as-MA PM2000 
powder used determined by ICP-OES 

 

Element Fraction (wt.%) 

Al 5.43 

B 0.001 

Ce <0.01 

Co 0.01 

Cr 18.88 

Cu 0.01 

Fe 74.41 

Hf <0.01 

La <0.01 

Mn 0.05 

Mo 0.01 

Nb 0.01 

Ni 0.02 

P 0.004 

Si 0.02 

Ta <0.01 

Ti 0.47 

V 0.01 

W <0.01 

Y 3940 ppm (0.3940 %) 

Zr <0.01 
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Appendix 2: Overview of the figures obtained by microscopy 

Overview of the figures obtained by microscopy 
Appendix 2 

Figure Sample preparation / surface finish Microscope used 

Figure 39a Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 39b 
Cracked pieces of graphite bulk 

material 
(SEM) JEOL JSM-7001F 

Figure 43c 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 47a Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 44 (No sample used) (TEM) JEOL JEM-3010 

Figure 52b EDM surface (SEM) Hitachi S-3400-N 

Figure 58 As-grown surface (SEM) JEOL JSM-7001F 

Figure 60a 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(SEM) JEOL JSM-7001F 

Figure 60b,c Fracture surface (SEM) JEOL JSM-7001F 

Figure 63 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(Optical) Nikon Epiphot TME 

Figure 64 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 65a As-grown surface (SEM) JEOL JSM-7001F 

Figure 65b 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 68 TEM-thin foil, electropolished (TEM) JEOL JEM-3010 

Figure 69 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 70 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 71 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 78 TEM-thin foil, electropolished (TEM) JEOL JEM-3010 

Figure 79 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 81a,d TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 83 

Mounted in bakelite, 4000 grit finish, 
etched in a 10 vol% HCl in methanol 

solution in an US bath with the surface 
facing downwards, followed by a 10 

min treatment in ethanol in an US bath 

(SEM) JEOL JSM-7001F 

Figure 85, 
Figure 87 

Mounted in bakelite, 4000 grit finish, 
etched in a 10 vol% HCl in methanol 

solution in an US bath with the surface 
facing downwards, followed by a 10 

min treatment in ethanol in an US bath 

(SEM) JEOL JSM-7001F 

Figure 88 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 89 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 90 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 
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Figure 91 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 92 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 93 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 94 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 95a,b Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 96a-d Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 100a,b Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 101 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 103 Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 106 As-grown surface (Optical) Wild M8 stereo microscope 

Figure 110a,b As-grown surface (Optical) Wild M8 stereo microscope 

Figure 110d,e As-grown surface (SEM) JEOL JSM-7001F 

Figure 111a Mounted in bakelite, 4000 grit finish (Optical) Nikon Epiphot TME 

Figure 111b,c 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(Optical) Nikon Epiphot TME 

Figure 112 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 114 As-grown surface (SEM) JEOL JSM-7001F 

Figure 116 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 121a As-grown surface (Optical) Wild M8 stereo microscope 

Figure 121b Mounted in bakelite, 4000 grit finish (Optical) Nikon Optiphot 2 

Figure 122a As-grown surface (Optical) Wild M8 stereo microscope 

Figure 122b Mounted in bakelite, 4000 grit finish (Optical) Nikon Optiphot 2 

Figure 123 Mounted in bakelite, 4000 grit finish (Optical) Nikon Optiphot 2 

Figure 124a As-grown surface (Optical) Wild M8 stereo microscope 

Figure 124b Mounted in bakelite, 4000 grit finish (Optical) Nikon Epiphot TME 

Figure 124c,d 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(Optical) Nikon Epiphot TME 

Figure 126 Mounted in bakelite, 4000 grit finish (Optical) Nikon Optiphot 2 

Figure 127a As-grown surface (Optical) Wild M8 stereo microscope 

Figure 127b Mounted in bakelite, 4000 grit finish (Optical) Nikon Epiphot TME 

Figure 127c,d 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(Optical) Nikon Epiphot TME 

Figure 131 4000 grit finish (Optical) Nikon Optiphot 2 

Figure 132 2500 grit finish (Optical) Nikon Optiphot 2 

Figure 133a As-grown surface (Optical) Wild M8 stereo microscope 

Figure 133c,d As-grown surface (SEM) JEOL JSM-7001F 

Figure 134a As-grown surface (Optical) Wild M8 stereo microscope 

Figure 134c,d As-grown surface (SEM) JEOL JSM-7001F 

Figure Mounted in bakelite, 4000 grit ground (Optical) Nikon Epiphot TME 
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135a,b,d 0.25 µm diamond polish, etched in a 10 
ml nitric acid, 15 ml HCl, 30 ml 

methanol solution in an US bath 

Figure 135c,e 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(SEM) JEOL JSM-7001F 

Figure 136 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 137 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(Optical) Nikon Epiphot TME 

Figure 138 

Mounted in bakelite, 4000 grit finish, 
etched in a 10 vol% HCl in methanol 

solution in an US bath with the surface 
facing downwards, followed by a 10 

min treatment in ethanol in an US bath 

(SEM) JEOL JSM-7001F 

Figure 139 
Mounted in bakelite, 4000 grit ground, 
etched in a 10 vol% HCl in methanol 

solution in an US bath 
(SEM) JEOL JSM-7001F 

Figure 140 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 141 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 142 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 143 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 144 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 145 TEM-thin foil, electropolished (TEM) JEOL JSM-2100 

Figure 147b,c As-grown surface (SEM) JEOL JSM-7001F 

Figure 147d,e 2500 grit finish, alumina polish (Optical) Nikon Epiphot TME 

Figure 148 
Powder particles dispersed on 

conductive C-tape 
(SEM) JEOL JSM-7001F 

Figure 150 2500 grit finish, alumina polish (SEM) JEOL JSM-7001F 

Figure 151a 2500 grit finish, alumina polish (SEM) Hitachi S-3400-N 

Figure 151b 
Mounted in bakelite, 4000 grit ground, 
etched in a 10 vol% HCl in methanol 

solution in an US bath 
(SEM) JEOL JSM-7001F 

Figure 151c 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(Optical) Wild M8 stereo microscope 

Figure 152 2500 grit finish, alumina polish (SEM) Hitachi S-3400-N 

Figure 154b 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(SEM) JEOL JSM-7001F 

Figure 157 Fracture surfaces (SEM) JEOL JSM-7001F 

Figure 158 

Mounted in bakelite, 4000 grit ground 
0.25 µm diamond polish, etched in a 10 

ml nitric acid, 15 ml HCl, 30 ml 
methanol solution in an US bath 

(SEM) JEOL JSM-7001F 
(Optical) Nikon Epiphot TME 
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Figure 163 Fracture surfaces (SEM) JEOL JSM-7001F 

Figure 166 Fracture surfaces (SEM) JEOL JSM-7001F 

Figure 167a 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(Optical) Nikon Epiphot TME 

Figure 167b 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 167c 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(Optical) Nikon Epiphot TME with DIC 

Figure 167d 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 168 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 169 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 170 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 171c As-grown surface (Optical) Wild M8 stereo microscope 

Figure 172a 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(Optical) Nikon Epiphot TME with DIC 

Figure 172b-e 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 173 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 174a 
Mounted in bakelite, 4000 grit ground 
40 nm colloidical silica polish, etched 

with "Keller's Reagent" 
(Optical) Nikon Epiphot TME with DIC 

Figure 174b 

Mounted in bakelite, 4000 grit ground 
40 nm colloidical silica polish, etched 
with 10 vol% HCl in methanol solution 

in an US bath. 

(Optical) Nikon Epiphot TME with DIC 

Figure 174c 

Mounted in bakelite, 4000 grit finish, 1 
µm diamond polish, etched in a 10 

vol% HCl in methanol solution in an US 
bath.  

(Optical) Nikon Epiphot TME with DIC 

Figure 175 As-grown surface (SEM) JEOL JSM-7001F 

Figure 176a,b 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 176c As-grown surface (SEM) JEOL JSM-7001F 

Figure 177a 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(Optical) Nikon Epiphot TME with DIC 

Figure 177b-e 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 178a 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(Optical) Nikon Epiphot TME with DIC 

Figure 178b-e 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 179 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(Optical) Nikon Epiphot TME with DIC 

Figure 180 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 181 4000 grit ground, 40 nm colloidical (SEM) JEOL JSM-7001F 
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silica polish 

Figure 182 As-grown surface (FIB-SEM) Zeiss Auriga 40 

Figure 183a Fracture surface (SEM) JEOL JSM-7001F 

Figure 183b,c 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) JEOL JSM-7001F 

Figure 184 As-oxidised surface (SEM) JEOL JSM-7001F 

Figure 185 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) JEOL JSM-7001F 

Figure 186 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) JEOL JSM-7001F 

Figure 187 As-grown surface (FIB-SEM) JEOL JIB 4501 

Figure 188 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) JEOL JSM-7001F 

Figure 189 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) JEOL JSM-7001F 

Figure 192 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 193 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 194 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 195 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 196 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 197 TEM-thin foil, PIPS (TEM) JEOL JEM-3010 

Figure 199 
Mounted in bakelite, 4000 grit finish, 
etched in a 10 vol% HCl in methanol 

solution in an US bath 
(SEM) JEOL JSM-7001F 

Figure 201 

Mounted in bakelite, 4000 grit finish, 
etched in a 10 vol% HCl in methanol 

solution in an US bath with the surface 
facing downwards, followed by a 10 

min treatment in ethanol in an US bath 

(SEM) JEOL JSM-7001F 

Figure 202 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) FEI Helios Nanolab 600i 

Figure 203 
4000 grit ground, 40 nm colloidical 

silica polish 
(SEM) FEI Helios Nanolab 600i 

Figure 204 As-oxidised surface (SEM) JEOL JSM-7001F 

Figure 205 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 206 As-oxidised surface (SEM) JEOL JSM-7001F 

Figure 207 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 208 As-oxidised surface (SEM) JEOL JSM-7001F 

Figure 209 
Mounted in bakelite, 4000 grit ground, 

40 nm colloidical silica polish 
(SEM) JEOL JSM-7001F 

Figure 212-
Figure 234  

Particles extracted on C-film (TEM) JEOL JEM-3010 

Figure 
235a,b,d,e 

As-grown surface (SEM) JEOL JSM-7001F 

Figure 
236a,b,d,e 

As-grown surface (SEM) JEOL JSM-7001F 

 



Appendix 3 Elemental diagrams of particles extracted from the bottom zone of a wall build 

- 259 - 

Appendix 
 

Appendix 3: Elemental diagrams of particles extracted from 
the bottom zone of a wall build 

Elemental diagrams of particles extracted from the bottom zone of a wall build 
Appendix 3 

 
 
 
 

 
Figure 212: Diagram of the elemental composition of 22 carbon extracted dispersoids of the 

as-grown condition (bottom zone).  
The elemental composition is plotted against the measured particle size (displayed as 
Al+Ti+Fe+Cr+Y=100at.%). The diagrams include (a) particles smaller than 40 nm and (b) particles 
larger than 40 nm. 
AR 
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Figure 213: Diagram of the elemental composition of 33 carbon extracted dispersoids of a 

heat treated sample at 1200°C for 1 h (bottom zone) .  
The elemental composition is plotted against the measured particle size (displayed as 
Al+Ti+Fe+Cr+Y=100at.%). The diagrams include (a) particles smaller than 40 nm and (b) particles 
larger than 40 nm. 
HT 
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Appendix 4: Mass spectrum of an atom probe tomography 
experiment 

Mass spectrum of an atom probe tomography experiment 
Appendix 4 

 
Figure 214: The mass spectrum of the APT experiment plotted for a mass-to-charge ratio of 

(a) 0 to 48 Da and (b) 48 to 120 Da.  
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Appendix 5: Phase identification of dispersoids extracted 
from a annealed sample taken from a wall build 

Phase identification of dispersoids extracted from a annealed sample taken... 
Appendix 5 

 
Figure 215: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]326[ zone axis . The Al/Y 
ratio of the particle was measured as 37/63 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  3 YAM 
 

Table 26: Characteristic d values.  

 )210(  (130) (032) (064) 

d measured [Å] 4.83 3.00 3.09 1.50 

d calculated [Å] 5.111 3.148 2.930 1.465 
 

Table 27: Characteristic angles.  

Reference: )210(  (130) (032) (064) 

Measured angle [°] 74.0 110.4 109.5 

Calculated angle [°] 79.50 113.80 113.80 
 



Appendix 5 Phase identification of dispersoids extracted from a annealed sample taken... 

- 263 - 

 
Figure 216: Assignment of a dispersoid to a YAM.  

The images show TEM micrographs in (a) high magnification, with (b) the corresponding FFT pattern 
indexed for a possible orientation close to a ]112[ zone axis.  The Al/Y ratio of the particle was 
measured as 34/65 at%. Elements detected in the C-film/particle configuration were C, O, Al, Si, S, Y. 
  13             5 13 YAM 
 

Table 28: Characteristic d values.  

 (011) (022) (120) )111(  )210(  )420(  

d measured [Å] 7.6 3.8 4.3 5.9 5.2 2.6 

d calculated [Å] 7.476 3.738 4.228 5.851 5.111 2.556 
 
 

Table 29: Characteristic angles.  

Reference: (022) (011) (120) )111(  )210(  )420(  

Measured angle [°] 0.0 44.9 78.7 120.5 120.5 

Calculated angle [°] 0.000 45.16 78.86 121.00 121.00 
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Figure 217: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]001[ zone axis.  The Al/Y 
ratio of the particle was measured as 36/64 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  18 YAM 
 

Table 30: Characteristic d values.  

 )210(  )120(  )030(  )110(  )200(  )300(  

d measured [Å] 4.85 4.67 3.42 7.14 5.28 3.54 

d calculated [Å] 4.736 4.721 3.515 7.476 5.300 3.533 
 
 

Table 31: Characteristic angles.  

Reference: )210(  )120(  )030(  )110(  )200(  )300(  

Measured angle [°] 38.8 65.0 107.0 153.9 152.5 

Calculated angle [°] 36.87 63.31 108.2 153.3 153.8 
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Figure 218: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]023[ zone axis . The Al/Y 
ratio of the particle was measured as 34/66 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  20      7 20 YAM    Textmarke 
 

Table 32: Characteristic d values.  

 )2(00  )4(00  )332(  )232(  )132(  )132(  )332(  

d measured [Å] 5.25 2.62 1.89 2.09 2.35 2.52 2.29 

d calculated [Å] 5.300 2.650 1.848 2.081 2.312 2.561 2.300 
 
 

Table 33: Characteristic angles.  

Reference: )2(00  )4(00  )332(  )232(  )132(  )132(  )332(  

Measured angle [°] 0.0 46.7 45.6 65.9 91.8 117.4 

Calculated angle [°] 0.00 46.17 45.32 64.52 90.39 116.11 
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Figure 219: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]323[ zone axis . The Al/Y 
ratio of the particle was measured as 37/63 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  23 YAM 
 

Table 34: Characteristic d values.  

 )113(  (302) (011) (022) (033) 

d measured [Å] 2.14 1.97 7.61 3.84 2.54 

d calculated [Å] 2.115 1.934 7.476 3.738 2.492 
 
 

Table 35: Characteristic angles.  

Reference: )113(  (302) (011) (022) (033) 

Measured angle [°] 14.4 78.4 78.4 78.4 

Calculated angle [°] 14.67 78.25 78.25 78.25 
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Figure 220: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]782[ zone axis . The Al/Y 
ratio of the particle was measured as 36/64 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  24     12 24 YAM 
 

Table 36: Characteristic d values.  

 (122) (244) )561(  )342(  )123(  )014(  

d measured [Å] 3.11 1.54 1.37 1.99 2.34 1.77 

d calculated [Å] 3.031 1.516 1.396 2.067 2.408 1.745 
 
 

Table 37: Characteristic angles.  

Reference: (244) (122) )561(  )342(  )123(  )014(  

Measured angle [°] 0.0 34.2 56.9 97.8 132.4 

Calculated angle [°] 0.00 34.81 57.73 99.93 134.47 
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Figure 221: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]322[ zone axis. The Al/Y 
ratio of the particle was measured as 36/64 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  25 YAM 
 

Table 38: Characteristic d values.  

 )033(  )011(  )022(  )023(  )122(  )221(  (032) (142) 

d measured [Å] 1.97 5.94 2.98 2.23 3.90 3.10 2.70 2.02 

d calculated [Å] 1.959 5.876 2.938 2.473 3.335 3.670 2.930 2.148 
 
 

Table 39: Characteristic angles.  

Reference: )033(  )011(  )022(  )023(  )122(  )221(  (032) (142) 

Measured angle [°] 0.0 0.0 43.8 64.3 95.2 120.3 136.9 

Calculated angle [°] 0.02 0.02 41.83 64.08 98.26 127.82 144.61 
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Figure 222: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]223[ zone axis . The Al/Y 
ratio of the particle was measured as 32/67 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  27 YAM 
 

Table 40: Characteristic d values.  

 (202) (023) )212(  

d measured [Å] 2.60 2.98 3.07 

d calculated [Å] 2.581 2.935 3.051 
 
 

Table 41: Characteristic angles.  

Reference: (202) (023) )212(  

Measured angle [°] 53.1 123.7 

Calculated angle [°] 53.04 123.85 
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Figure 223: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]013[ zone axis . The Al/Y 
ratio of the particle was measured as 38/62 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  28        13 28 YAM     Textmarke 
 

Table 42: Characteristic d values.  

 (001) (002) (003) (004) (005) (130) )113(  )313(  

d measured [Å] 10.81 5.30 3.56 2.62 2.11 3.01 3.11 2.49 

d calculated [Å] 10.600 5.300 3.533 2.650 2.120 3.148 3.144 2.540 
 
 

Table 43: Characteristic angles.  

Reference: (005) (001) (002) (003) (004) (130) )113(  )313(  

Measured angle [°] 0.0 0.0 0.0 0.0 80.4 96.8 125.6 

Calculated angle [°] 0.00 0.00 0.00 0.00 81.70 98.77 127.04 
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Figure 224: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a [100] zone axis . The Al/Y ratio 
of the particle was measured as 35/64 at%. Elements detected in the C-film/particle configuration were 
C, O, Al, Si, S, Y. 
  29      11 29 YAM 
 

Table 44: Characteristic d values.  

 )330(  )220(  )110(  )510(  )004(  )013(  )022(  

d measured [Å] 2.53 3.82 7.68 2.13 2.70 3.41 3.78 

d calculated [Å] 2.492 3.738 7.476 2.078 2.650 3.350 3.738 
 
 

Table 45: Characteristic angles.  

Reference: )330(  )220(  )110(  )510(  )004(  )013(  )022(  

Measured angle [°] 0.0 0.0 33.7 44.6 62.4 88.8 

Calculated angle [°] 0.00 0.00 33.78 45.15 63.67 90.29 
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Figure 225: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]001[ zone axis . The Al/Y 
ratio of the particle was measured as 37/63 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  31     8 31 YAM 
 

Table 46: Characteristic d values.  

 )210(  )310(  

d measured [Å] 3.40 4.82 

d calculated [Å] 3.350 4.736 
 
 

Table 47: Characteristic angles.  

Reference: )210(  )310(  

Measured angle [°] 7.7 

Calculated angle [°] 8.16 
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Figure 226: Assignment of a dispersoid to a YAM crystal structure.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern indexed for a possible orientation close to a ]223[ zone axis. The Al/Y 
ratio of the particle was measured as 35/64 at%. Elements detected in the C-film/particle configuration 
were C, O, Al, Si, S, Y. 
  33      14 33 YAM 
 

Table 48: Characteristic d values.  

 )032(  )142(  )110(  )220(  

d measured [Å] 2.52 2.18 7.54 3.85 

d calculated [Å] 2.494 2.155 7.476 3.738 
 
 

Table 49: Characteristic angles.  

Reference: )032(  )142(  )110(  )220(  

Measured angle [°] 16.0 70.7 70.7 

Calculated angle [°] 15.72 70.02 70.02 
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Figure 227: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 47/53 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y. 
4 YAP'  Textmarke 

Table 50: Characteristic d values.  
 (a) (b) (c) (d) (e) (f) (g) (h) (i) 

d measured [Å] 11.83 5.95 3.64 4.08 5.16 6.04 5.26 4.02 3.13 
 

Table 51: Characteristic angles.  
Reference: (c) (a) (b) (d) (e) (f) (g) (h) (i) 

Measured angle [°] 0.0 0.0 41.4 61.1 88.3 117.9 136.3 147.2 



Appendix 5 Phase identification of dispersoids extracted from a annealed sample taken... 

- 275 - 

 

 
Figure 228: Dispersoid, which could not be assigned. 

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 51/49 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y.  
  15 YAP' 
5148 

Table 52: Characteristic d values.  
 (a) (b) (c) (d) 

d measured [Å] 2.81 5.51 2.61 3.72 
 
 

Table 53: Characteristic angles.  
Reference: (a) (b) (c) (d) 

Measured angle [°] 45.0 85.4 132.7 
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Figure 229: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 46/53 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y. 
  22 YAP 
4653 

Table 54: Characteristic d values.  
 (a) (b) 

d measured [Å] 3.26 7.58 
 
 

Table 55: Characteristic angles.  
Reference: (a) (b) 

Measured angle [°] 59.9 
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Figure 230: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 48/52 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y. 
  30     9 30 YAP'   Textmarke 
4852  

Table 56: Characteristic d values.  
 (a) (b) (c) (d) (e) (f) 

d measured [Å] 2.20 4.34 3.28 3.28 1.89 3.24 
 
 

Table 57: Characteristic angles.  
Reference: (a) (b) (c) (d) (e) (f) 

Measured angle [°] 0.0 38.05 98.71 128.8 158.9 



Appendix  

- 278 - 

 

 
Figure 231: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 50/50 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y. 
  _5     2 _5 YAP' 
5050 

Table 58: Characteristic d values.  
 (a) (b) (c) (d) (e) (f) (g) (h) 

d measured [Å] 3.36 6.55 4.10 6.70 3.38 3.46 5.84 2.89 
 
 

Table 59: Characteristic angles.  
Reference: (a) (b) (c) (d) (e) (f) (g) (h) 

Measured angle [°] 27.8 64.3 99.6 99.6 129.3 154.9 154.5 
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Figure 232: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 50/50 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y.  
      6 _6 X 
 

Table 60: Characteristic d values.  
 (a) (b) (c) 

d measured [Å] 11.67 11.44 11.40 
 
 

Table 61: Characteristic angles.  
Reference: (a) (b) (c) 

Measured angle [°] 58.3 119.4 
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Figure 233: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 47/53 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y. 
     10 35 X 
 

Table 62: Characteristic d values.  
 (a) (b) (c) 

d measured [Å] 11.27 11.41 11.01 
 
 

Table 63: Characteristic angles.  
Reference: (a) (b) (c) 

Measured angle [°] 61.7 61.0 
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Figure 234: Dispersoid, which could not be assigned.  

The images show TEM micrographs in (a) low magnification, (b) high magnification with (c) the 
corresponding FFT pattern. The Al/Y ratio of the particle was measured as 47/53 at%. Elements 
detected in the C-film/particle configuration were C, O, Al, Si, S, Y.  
     16 _9 X 
 

Table 64: Characteristic d values.  
 (a) (b) (c) 

d measured [Å] 11.67 11.44 11.40 
 
 

Table 65: Characteristic angles.  
Reference: (a) (b) (c) 

Measured angle [°] 60.6 61.2 
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Figure 235: Investigation of SLM wall 2.  

The plan view of the side of the 1st laser scan and the opposite side is investigated as marked in the 
figure. The images show (a,d) SEM-SE images, (b,e) SEM-BSE images (compositional contrast) and 
(c,f) results of a surface profilometry scan. 
2x 
 

 
Figure 236: Investigation of SLM wall 3.  

The plan view of the side of the 1st laser scan and the opposite side is investigated as marked in the 
figure. The images show (a,d) SEM-SE images, (b,e) SEM-BSE images (compositional contrast) and 
(c,f) results of a surface profilometry scan. 
3x 
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Figure 237: Tensile test curves of SLM walls, as received condition, tested in the Z direction 

(along the growth direction). 
 
 

 
Figure 238: Tensile test curves of SLM walls, as received condition, tested in the X direction 

(perpendicular to the growth direction). 
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Figure 239: Tensile test curves of SLM walls, annealed at 1200°C for one hour, tested in the 

Z direction (along the growth direction). 
 

 
Figure 240: Tensile test curves of SLM walls, annealed at 1200°C for one hour, tested in the 

X direction (perpendicular to the growth direction). 
 

 
Figure 241: Tensile test curves of SLM blocks, as received condition, tested in the X 

direction (perpendicular to the growth direction) and in the Z direction (along the growth 
direction).  



Appendix 7 Summary of tensile curves 

- 285 - 

 
Figure 242: Tensile test curves of SLM blocks, annealed at 1200°C for one hour, tested in 

the X direction (perpendicular to the growth direction) and in the Z direction (along the 
growth direction). 

 

 
Figure 243: Tensile test curves of sheet material taken from PM2000 bar material, as 

received condition, tested in the X direction (perpendicular to the growth direction) and in the 
Z direction (along the growth direction). 

 

 
Figure 244: Tensile test curves of sheet material taken from PM2000 bar material, annealed 
at 1380°C for one hour, tested in the X direction (perpendicular to the growth direction) and 

in the Z direction (along the growth direction). 
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