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Abstract  
 
In the selective laser melting (SLM) process, the heat input by the laser to create the 

melt pool also diffuses from the melt pool to the surrounding material promoting the 

growth of surface oxide layers on powder particles that surround the built part. Molten 

material is also ejected from the melt pool, which oxidises rapidly before landing on 

the powder bed, creating local variability in the oxygen content of any used powder.   

 

Although large particles are removed when recycling by sieving, smaller oxidised 

particles (the size of the specified powder for the machine) and oxide residue (<10µm) 

are not removed and become incorporated into subsequent builds on powder reuse.  

 

This project sought to investigate the effect these oxidised particles may have on part 

integrity and how they affect mechanical failure. In this research, grade 23 Ti-6Al-4V 

metal powder was thermally oxidised to produce a range of interference colours that 

correspond to specific oxide thicknesses.  

 

Powder characterisation of each coloured particle established bulk oxygen wt %, 

particles size distribution (PSD) and used optical spectrometry to quantify the bulk 

colour of each powder. Oxidised Ti-6Al-4V powder with interference colour yellow and 

blue powder were chosen for further investigation as in the context of this study, they 

represent high (0.4 wt %) and ultra-high (0.7 wt %) oxygen levels respectively.  

 

Tensile builds were produced using SLM with a known feedstock layer, part way up 

the build, formed of a blend of oxidised and virgin particles. Tensile tests were 

performed for each build to evaluate the failure modes. 

 

Microscopy techniques were used to examine the material near the fractured region, 

including chemical composition and semi-quantification of the oxygen levels, allowing 

any microstructural and chemical changes to be investigated. Nano-indentation was 

used in order to understand if the material properties near the fractured region differ 

from other remainder of the build.  

 



The main findings from this investigation suggested that the region of the build doped 

with oxidised particles has a negative impact on the mechanical properties of the final 

build, as they produce mechanical (oxide films/residue) and chemical flaws (interstitial 

elements). Consequently, unless these particles can be removed from recycled 

feedstock their effects will limit the reuse of powder, especially in safety critical 

industries, significantly increasing the costs of components produced by this route. 

Robust quality control is needed for post processed powder to minimise the risk of 

failure and improve the reusability of post processed powder as feedstock.  
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List of Abbreviations  

 
AM - Additive Manufacturing 

SLM - Selective Laser Melting 

CAD - Computer Aided Design 

XRD - X-Ray Diffraction 

EDX - Electron Diffraction X-Ray 

EDM - Electrical Discharge Machining 

UTS - Ultimate Tensile Strength 

HIP - Hot Isostatic Press 

HAZ - Heat Affected Zone 

FCC - Face Centre Cubic 

BCC - Body Centre Cubic 

HCP - Hexagonal Centre Cubic 

TGM - Thermal Gradient Mechanism 

EDS - Energy Dispersive Spectroscopy  

DOE - Design of Experiment 

SEM - Scanning Electron Microscope/Microscopy  

FIB - Focused Ion Beam 

STEM - Scanning Transmission Electron Microscope/Microscopy 

TEM - Transmission Electron Microscopy 

SE - Secondary Electron (Imaging mode) 

OM - Optical Microscopy 

LSD - Laser Size Diffraction 

PPM - Parts per Million 

PD - Point Distance 

LT - Layer Thickness 

ET - Exposure Time 

FO - Focus Offset 

HS - Hatch Spacing 

BD - Beam Diameter 



Nomenclature  
 
 
T - Temperature 

m - Mass of material 

t - Time 

Q - Energy 

texp - Exposure time 

P - Laser power 

L - Length 

ρ - Density 

E - Young’s modulus or elastic modulus 

H - Enthalpy 

V - Volume 

K - Thermal conductivity 

T0 - Initial temperature 

A - Surface area 

σy - Yield strength 

σtens - Tensile stress 

εpl - Plastic strain 

σcomp - Compressive stress 

Do - Independent temperature coefficient 

Cx - Concentration 

Ci - Initial concentration  

C0 - Final concentration 

 
 
 
 
 
 
 
 
 



1.0  Introduction  
 
Additive manufacturing (AM), commonly known as 3-D printing is a process of 

successive fusion of layers of material to construct a 3-D component. Raw material 

can be deposited and fused in many different processes such as suspension based, 

liquid or solid in particular position so that cross sectional layers are sequentially added 

to create the 3-D structure. A variety of different materials can used to create a 

component such as plastics, resins, rubbers, ceramics, metals, glass and concretes 

[1].  

 

In comparison, traditional techniques used for manufacturing such as computer-

generated numerical controls (CNC) are all subtractive methods to cut, drill, frame and 

fit an object from raw materials such as billets. CNC can achieve complex external 

geometries and give accurate dimensional tolerances; however, this process is not 

ideal for the manufacture of internal features as the cutting instruments cannot reach 

the desired location. Parts with complex internal structure such as cooling channels 

may be manufactured by different methods such as casting, which involves the 

creation of a complex mould to cast the component. The creation of mould can be time 

consuming and costly; casting is only cost effective if high volumes of the part are 

being made in order to reduce the costing of the mould. However, additive 

manufacturing (AM) overcomes all the problems that the traditional methods present 

as manufacturing geometric complexity comes at little to no extra cost.  

 

AM was primarily used for rapid prototyping as this significantly reduced the time to 

market and innovation of products. Rapid prototyping can be defined as the process 

of rapidly creating a prototype of a part so that the part can be tested and scrutinised 

before mass production occurs. However, AM technologies have matured significantly 

over recent years and wide industrial acceptance of their advantages has shifted the 

technologies to serial production of parts as opposed to rapid prototyping [2]. In 

particular, throughout 2019-2020, the demand for AM technologies have increased as 

many companies have shifted their manufacturing chains to AM due to the impact on 

the global supply chain from the Covid-19 pandemic, whilst most of the conventional 

manufacturing processed are still based in China [3].  



A popular AM technique for serial production is selective laser melting (SLM) which is 

a powder bed fusion technique. SLM utilises a laser beam to selectively melt the 

powder bed on a layer-by-layer basis predetermined by computer aided design (CAD) 

data. SLM is utilised by manufacturers for its performance, high resolution, and inert 

gas operating environment in the processing of titanium alloys Ti-6Al-4V powder. Ti-

6Al-4V is commonly processed in SLM and is extremely useful to industries such as 

aerospace, biomedical and maritime due to its superior material properties such as 

the high strength to weight ratio, biocompatibility and corrosion resistance [4]. 

Therefore, Ti-6Al-4V is commonly researched in AM to optimise the material 

properties and produce the highest quality finished parts. However, Ti-6Al-4V is an 

expensive feedstock material and the reuse of the material can be low due to lack of 

understanding of the impact reused powder has on build quality, therefore in some 

instances, driving the cost of processing the material higher.  

 

1.1 Problem statement  
 

It is understood that Ti-6A4V metal powder used for selective laser melting (SLM) 

degrades with repeated use as it picks up oxygen in significant quantities throughout 

the build process believed to be a result of by-products of the powder melting and 

handling processes involved [5].  

 

It is essential that critical and high-end manufacturing techniques understand the 

impact this degradation has on the final build’s quality and mechanical properties 

however, this is poorly understood. The need to understand powder degradation is 

prominent now as users are moving towards serial production of structurally critical 

parts. AM is transitioning from prototyping and small batch production technique so 

the need to understand degradation is now increasingly prominent. 

 

Degradation due to repeated use of Ti-6A4V metal powder promotes a lack of 

confidence in additive manufacturing (AM) industries that develop high end and critical 

applications [6]. This typically results in companies specifying build limits on the same 

batch of powder as little is known about the effect degraded powder has on build 



quality, resulting in high raw material cost as poor understanding of the impact 

degraded powder has on final build quality if reused in feedstock.  

 

The degradation is caused by by-products of the melting process which produce re-

melted ‘weld splatter’ and a soot-like condensate of nanoparticles. Understanding the 

nature of these newly created by-products and the impact on build quality utilising 

them would build confidence in used powder and enable solutions to be found to 

monitor and eliminate the negative effects of powder degradation. 

 

The project will investigate the fundamental mechanisms which lead to powder 

degradation of Ti-6AL4V in selective laser melting (SLM) process, evaluate solutions 

for monitoring the rate of degradation and evaluate End-of-life solutions for powder 

which is degraded beyond acceptable limits.  

 

1.2 Aims and objectives of research  
 

The aim of this work is maximising the utilisation of Ti-6Al-4V powder metal processed 

by laser powder bed fusion (LPBF). 

 

 Below are the main objectives in order to achieve this aim: 

 

• To investigate and understand the root cause of Ti-6AL-4V powder degradation 

in the SLM process. 

• To investigate the impact degraded powder particles, have on reuse in the build 

process.  

• To investigate the oxide layer interface between core and particle to understand 

the relationship between interference colour and oxygen wt %.  

• To develop a method of identifying degraded powder particles in post 

processed powder and evaluate the re-use/end of life application for the 

powder.  

 
 



 
1.3 Thesis structure  
 
This section briefly outlines the main structure of the thesis and introduces the content 

within each of the chapters.   

 

Chapter 1 introduces the background research as well as the objectives, problem 

statement and thesis structure.  

 

Chapter 2 is dedicated to reviewing current technology regarding the processing of 

material using SLM with details on the operation, process parameters and literature 

on the oxidation and metallurgy of titanium alloys, specifically Ti-6Al-4V. The critical 

aspects of powder reuse and degradation mechanisms through oxidation are 

discussed which range from powder production to manufacturing defects, 

microstructure, and phase transformation of as built parts.  

 

In chapter 3, the experimental procedure and methodology for the project. Specific 

methodology will be discussed in the respective chapters, however, methods for 

sample analysis and equipment details are discussed here. Inert gas fusion (IGF), 

commercially known as LECO was used to characterise oxygen, nitrogen, and 

hydrogen. Malvern Mastersizer 3000 was used to analyse the particle size distribution 

of the metal powders using laser size diffraction. SEM imaging and TEM lamella 

sample preparation were conducted using a JEOL 6610 SEM and a FEI Helios 

Nanolab 600i FIB-SEM. Advanced microscopy techniques were carried out using a 

JEOL 2100f Cs corrected FEG S/TEM (80-200kV) and a JEOL 2100+ S/TEM (200kV 

LaB6 thermionic emission source).  

 

Chapter 4 consists of preliminary investigations into powder oxidation and the 

characterisation of the artificially oxidised powder particles by investigating the key 

characteristics such as chemical analysis, morphology, and Particle size distribution. 

The preliminary investigations into powder oxidation try to establish relationships 

between interference colours, oxide formation and bulk powder oxygen content. These 

fundamental properties are key in understanding the impact and contribution of 

oxidised powder in the powder bed. Additionally, this chapter investigates the role of 



the interference colours on the powder particles and how they are quantified to ensure 

consistency in imaging post processed powder and identifying coloured oxidised 

particles. This understanding is key in the development of a quality control 

methodology for post processed powder.  

 

Chapter 5 investigates the influence of particle size and colour and their contribution 

to the oxygen contribution to the build process. This chapter features various analysis 

methods to characterise the oxygen contribution from the key particle colours. 

Scanning transmission electron microscopy (S/TEM) was used to identify regions of 

interest and quantify the oxygen present through techniques such as EDX and EELS.  

 

Chapter 6 investigates the failure modes of the tensile specimens built with a region 

of doped oxidised powder and compare the results to a virgin, control sample. This 

section features tensile test data of each of the specimens and high-resolution 

microscopy images to understand the fracture surface features and identify region of 

interest. Additionally, the chapter finishes with the microstructure analysis of the 

tensile specimens to try and establish whether the failure occurred due to a 

mechanical flaw in the build process.  

 

Chapter 7 investigates the oxygen dissolution within the build and whether the failure 

of the tensile specimens occurs due to a chemical flaw within the build. This chapter 

utilises S/TEM techniques to quantify the oxygen present within fracture surface 

lamellas of an oxidised region and a non-oxidised region of the fracture surface. Nano-

indentation is used to measure the hardness change of the localised known doped 

layers around the fracture surface and compare it to regions of virgin powder build to 

evaluate whether an oxygen increase in the titanium matrix has embrittled the build.  

 

Chapter 8 concludes the project and evaluates all the evidence and discussion 

throughout each chapter to summarise the project and present the main findings.  

 

Chapter 9 discusses future work based on the key findings throughout the 

investigation alongside the key contributions of the thesis.  
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2.0 Literature review  
 
2.1 Selective laser melting: The process   

Selective laser melting (SLM) is an additive manufacturing (AM) process which utilises 

a laser beam to selectively melt a metallic bed of powder on a layer-by-layer basis. 

This technique produces fully dense, three-dimensional components based on 

imported geometry data from a 3-D Computer Aided Design (CAD) model. This 

technology has been widely adopted by numerous different industries; in particular 

aerospace and medical, as it allows complex designs and difficult to manufacture 

components to be produced with relative ease. However, serial production of SLM 

technologies has been hindered by poor build-to-build consistency. In particular, the 

mechanical properties of SLM built parts can vary significantly compared to wrought 

due to the presence of residual stresses [7] and defects such as cracks [8], porosity 

and balling [9]. A study using Ti-6Al-4V found that the SLM built Ti-6Al-4V had higher 

yield strength, ultimate tensile strength (UTS) and hardness, but produced significantly 

lower elongation compared to wrought Ti-6Al-4V. [10] 

Additive manufacturing technologies and SLM have seen a rapid growth in recent 

years due to significant interest from both industry and research sectors due to the 

large design flexibility and ability to manufacture complex components. The layer-by-

layer build process allows geometries to be constructed that conventional techniques 

cannot achieve, such as internal lattice structures. The build process allows complex 

detail to be incorporated into the final components which conventional techniques 

would not be able to achieve. SLM allows non-fused powder to be recycled using 

sieving and usually a powder recycling regime, which uses a top up process of virgin 

material blended with the sieved post processed powder in order to re-use the material 

as feedstock, which reduces waste. However, little is known about the impact recycled 

powder has on the final build quality and the mechanical properties of components 

processed by SLM.  

The SLM process manufactures components via the successive deposition of metallic 

powder layers, 20 to 150µm thick onto a substrate material, each layer and part of the 

underlying component is then melted by a high-power laser (50W – 1kW), 
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predetermined by 3-D CAD model data, forming a metallic bond between the two 

respective layers, thus creating a 3-D metal structure as shown in Figure 1 [11].  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

2.1.1 Application  
 

Although large SLM manufacturers have been established for numerous years now, it 

is still considered a developing technology as it moves towards a phase of serial 

production. However, there are still fundamental limitations to achieving industrial 

serial production of parts via the SLM process such as large start-up costs (machine 

cost typically >£250,000), machine running cost and low production volumes relative 

to conventional techniques. However, similar to any technology, there are certain 

applications that SLM is better suited to such as high-end manufacturing in industries 

such as aerospace, dentistry, medical and jewellery [12].  

 

The competitive advantages of SLM are geometric design freedom, mass 

customisation, material flexibility, reduction in process steps, shortened design to 

Figure 1: Schematic of SLM build process for Renishaw SLM 125 [5] 
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product time and no tooling costs unlike those associated with conventional 

techniques such as moulds and tooling heads [13].  

 

The scope of the application for SLM is varied between industries but includes  

customised medical orthopaedics, veterinary implants and tooling inserts with high 

geometrical complexity [14]. Additionally, the aerospace sector has shown great 

interest and investment in the use of SLM for high end component manufacture as the 

safety standards require high levels of performance and component integrity. The 

material of choice for the aerospace industry is generally high-performance alloys such 

as titanium- and nickel-based alloys due their superior properties of strength, corrosion 

resistance and high temperature application. Applications such as gas engine turbine 

blades, airframes, fuel injection nozzles and many more utilise SLM to create high 

performance components. Optimised SLM technology offers huge cost reduction for 

the aerospace industry due to its high flexibility and ability to process numerous 

different high-performance materials. An example of a successful AM built application 

within the aerospace industry is the Rolls Royce Trent XWB-97 engine as it features 

large TI-6Al-4V, EBM built, 1.5m diameter compression vanes [15].  

 

2.1.2 Controllable parameters 
 

There are many controllable processing parameters in SLM dependent upon the 

machine used. However, there are numerous factors affecting the built part which are 

not controllable and are locked in by the machine manufacturer or are dependent upon 

supplier specification such as the material. Table 1 illustrates the processing 

parameters throughout the SLM process broken down into four categories: Materials, 

Environment, Laser and Scan.  
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Table 1: SLM tabulated processing parameters 

Material Environment Laser Scan 
Material 

composition 

Type of inert gas  Laser power Scan pattern  

Particle size 

distribution (PSD) 

Gas flow rate  Laser scan mode Scan velocity  

Morphology 

(Particle shape) 

Temperature of 

the build platform 

Wavelength  Scan distance  

Powder relative 

density  

Build chamber 

pressure  

Laser spot size  Hatch spacing  

Powder flowability  Part placement Type of laser  Layer thickness 

Powder interstitial 

content  

Part orientation Offset point  Scan sectors  

 

 

Layer thickness is the thickness of the deposited powder for each layer of the build 

and determines the energy input into the powder layer required to melt and bond to 

the substrate completely. Layer thickness also has a big impact on production time, a 

greater layer thickness results in a shorter production time but can produce poor 

dimensional accuracy and surface quality [16][17].  

 

Throughout the SLM process, the laser beam moves, defined by the scanning speed, 

across the powder bed which in turn determines the production time of the build. 

Increased scanning speed reduces the overall production time, however, high 

scanning speed with low laser power may result in insufficient fusion across the build 

resulting in a build fail.  

 

Laser power, hatch spacing, layer thickness and scan speed has been investigated by 

numerous authors as primary processing parameters for SLM which define the laser 

energy density that is delivered to the powder bed. The volumetric unit for the energy 

delivered to the powder bed is energy density (E), and is defined by the following 

equation 1 [14][16]: 
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 𝐸𝐸 =
𝑃𝑃

𝑉𝑉.ℎ. 𝑡𝑡
 (1) 

 

 

Where E is energy density, P is laser power, V is scan velocity, h is the hatch spacing 

and t is the powder layer thickness. The energy density can have a large impact on 

the mechanical properties of a built part as it directly effects the physical densification 

of a part.   

 

The Trumpf TruPrint 1000 that was used throughout this project utilised a continuous 

scan of the laser along the track length rather than a point-to-point regime and, 

therefore, point distance (PD) is not a controllable parameter in the case of this 

machine. However, with machines such as the Renishaw SLM 125, a scan length can 

be separated into a series of exposure points at a set point distance and a set 

exposure time. In this case, the laser moves between each point by the defined point 

distance and when the exposure, defined by the exposure time of each point is 

complete, the laser pauses and moves to the next exposure. Hatch spacing is the 

distance between the centre point of two adjacent melt tracks as shown by Figure 2. 
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The scan strategy or sometimes referred to as the hatch pattern, is the laser pattern 

used for the melting of a two-dimensional shape in the powder bed. Usually, the scan 

strategy consists of straight and parallel scan vectors which can be modified either 

between consecutive layers or modified inside layers.  Generally, the specific purpose 

of the scan strategy is to reduce residual stress or reduce build time. Figure 3 

illustrates some examples of common scan strategies such as meander, stripes and 

chessboard.  

 

The meander scan strategy consists of straight-line vector paths from each side of the 

border which makes for a quick and efficient build, ideal for small XY cross sectional 

parts. However, this strategy can produce inconsistent heat distribution throughout 

each layer.  

 

The stripes scan strategy splits the scan area into strips around 5-100mm wide and 

utilises the meander technique within these strips to process the material. The key 

advantage to this method is that it maintains a consistent temperature distribution 

Figure 2: Schematic of parameters in selective laser melting 
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throughout the part which is ideal for large XY cross sectional parts [18]. However, a 

key disadvantage is that this strategy is slower than meander as an increased number 

of laser jumps is required.  

 

The chessboard strategy splits the scan area up into squares similar to that of a 

chessboard and is generally used in order to minimise the residual stress of the built 

part. However, a key disadvantage of this is longer scanning times and is generally 

not favoured when productivity is favoured [18].  

 

 

2.2 Problems in SLM  
 

Similar to any processing technique, SLM has numerous process limitations that 

create problems for final component quality and the associated mechanical properties. 

Understanding these limitations and controlling the problematic process 

characteristics is essential for industry wide adoption of SLM for serial production. The 

order of the sub sections illustrating each common problem are in no order of priority.  

 

2.2.1 High thermal and residual stress 
 

Residual stress can be associated with the processing of a material and defined as 

the internal stress present within a component without the presence of an external 

applied force. However, residual stress is associated with all material processes as 

the introduction of residual stress in some form is inevitable across every process [19]. 

Figure 3: Illustration of scanning strategies used in SLM [11]. 
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Therefore, control and manipulation of residual stress has been studied and 

implemented across industry for many years to tailor the material for a desired 

application. Residual stress is the result of elastic misfits between regions creating 

elastic strain from cold deformation. Residual stress is usually relieved via heat 

treatment processes, however, in sufficient concentration, residual stress can lead to 

reduced tensile strength, micro-crack formation and part deformation [20].  

 

Residual stress is categorised into three types; Type-1 macro-residual stress, Type-2 

micro-residual stress and Type-3 sub-micro residual stress. Type-1 residual stress 

develops in several grain boundaries and varies in length relative to the part size. The 

formation of Type-1 residual stress occurs in processes that results in inhomogeneous 

distribution of strains. Type-2 micro-residual stresses form in one grain but vary in size 

in different grains. The formation of type-2 residual stress occurs from misfit strains 

from processes such as martensitic transformation. Thus, the volume difference 

between martensite and austenite creates residual stresses. The formation of type-3 

residual stress is caused by lattice defects such as interstitial solutes and dislocations 

[21]. Type-1 stress can also occur via thermal elastic strains which is prevalent within 

the SLM process caused by the temperature gradient and differential shrinkage. Type-

1 stress also has the largest impact on material strength in comparison with Type-2 

and Type-3 due to the varying size over numerous grain boundaries [19].  

 

A study of residual stress found in SLM from Mercelis and Kruth [20] suggested that 

residual stress arises from two mechanisms in the SLM; the cooling of molten top 

layers and the thermal gradient mechanism (TGM). The thermal gradient mechanism 

(TGM) is the result of thermal gradients produced by the laser interaction with the 

metallic powder bed. The top surface is rapidly heated to fuse material together, 

however the heat conduction through the remaining material is relatively low compared 

to the top surface and thus creates a large temperature gradient. The thermal 

expansion of the top layer is restricted, at lower temperatures, by the comparatively 

cooler layer below, thus creating induced elastic compressive strain. However, at 

elevated temperatures, the top layer yield strength is reduced, resulting in plastic 

compression. The cooling of the plastically compressed top layer results in a bending 

angle towards the laser due to the differential shrinkage of the cooled top layer as 

different areas of the part cool at different rates, thus introducing a tensile stress in the 
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direction of the build. Figure 4 illustrates the thermal gradient method (TGM) for a laser 

incident on solid material (the mechanism occurs in the solid phase) where εth is 

thermal strain, εpl plastic strain, σtens  is the tensile stress and σcomp is the compressive 

stress.  The freezing mechanism of the molten top layer introduces stress into the build 

in a similar process to the thermal gradient mechanism (TGM). Thermal contraction 

occurs during the cooling of the solidified material, resulting in tensile stress in the top 

layer and compressive stress in the layer below.   

 
 
 
 
 
 
 
 
 
 

 

 

 

This section discussed the presence of residual stress in SLM and the link to 

problematic changes in mechanical properties induced via the fusion process. 

However, residual stress may be relieved via post process heat treatment commonly 

referred to as stress relief. That being said, defects in the material due to thermal 

stress can be problematic as the material is at greater risk of deformation and fracture 

which are significantly harder to remedy.  

 

2.2.2 Porosity  
 
Selective laser melting in theory can produce a fully dense structure, however, non-

optimised melting parameters will result in porosity. Porosity is a common problem 

within SLM which causes problematic defects in built parts.  Porosity is defined as a 

pore or number of pores within a given volume, usually stated in units of volume % or 

commonly as density (kgm-3). Uncontrolled pores are considered to be problematic in 

Figure 4: Illustration of the thermal gradient mechanism (TGM) [20] 
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SLM as they are considered to be crack initiation sites as they are effectively a region 

(microscopic) of space in the build in which no fused material is present. Biswas et al 

[22] found that the pores in the microstructure of SLM built parts are likely to become 

nucleation site for adiabatic shear bands and microcracks. However, controlled porous 

structures can be used to tailor mechanical properties to a specific application to 

address the stress shielding effect [23][24].  

 

Therefore, achieving fully dense parts is essential in order to minimise the risk of 

uncontrolled pores leading to crack initiation and detrimental mechanical properties. 

Early investigations of SLM built parts primarily focused on achieving high values of 

density (99.9%) as suggested by many authors [25][26]. The reasons for the formation 

of pores within SLM builds are highlighted by numerous investigations where the main 

causes are found to be insufficient melting/fusion depth (lack of fusion), trapped gas 

and balling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 shows the morphology of a lack of fusion and gas pore in a part manufactured 

by SLM [27]. Figure 5A shows a lack of fusion pore which is irregular in shape with 

sharp tips and is notably larger than gas pores. These pores are generally formed and 

spread in the joint region over two adjacent layers and are formed due to a deviation 

from the optimal processing conditions such as insufficient energy input or insufficient 

overlap leading to poor melting and bonding [28][29]. Additionally, the sharp tips on 

Figure 5: A) Lack of fusion with un-melted particles inside and B) Gas pore [32] 

A B 
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the lack of fusion pores are prone to high localised stress and can result in premature 

failure when subjected to loading [28][30][31].  

 

Rickenbacher et al [32] demonstrated the effect process parameter optimisation can 

have on porosity in IN738LC starting with a build which had no parameter optimisation 

which produced a porosity of 53% compared with a build with process optimisation 

which resulted in 0.2% porosity. The 0.2% porosity present in the optimised build 

showed numerous spherical pores varying in size, these phenomena were due to 

trapped gas within the build process creating spherical voids; trapped gas expands 

uniformly, creating the spherical shape.  

 

A study by Shrestha [33] investigated the relationship of laser energy density (LED) 

and pore formation in Ti-6Al-4V in SLM using a micro-CT scanner to analyse single 

track builds. The study showed that at the same laser energy density, an increase in 

laser power showed a distinct transition from incomplete melting to conduction melting 

and to keyhole melting. At low power, balling formation occurred due to lack of 

substrate wetting. In contrast, high power resulted in keyhole pores and the depth of 

the pores increased with laser power. The study concluded that the power/speed are 

highly influential toward the formation of keyhole porosity.  This is significant as it 

provides evidence to the importance of optimising process parameters to ensure 

sufficient melting and balancing the processing power with the formation of keyhole 

pores.  

 

Kasperovich et al [34] showed that optimised process parameters using Ti-6Al-4V in 

SLM could significantly reduce porosity achieving a residual porosity of <0.05%. The 

study found that excessive energy density produced circular/spherical pores with a 

diameter >50µm due to the keyhole effect. Low energy density produced elongated, 

crack like voids of length >100µm, these pores were due to lack of fusion caused by 

a combination of the powder layers not sufficiently melting and the balling effect.  

 

Balling is another phenomenon which contributes to the formation of pores within the 

build process. Balling is defined as solidified metal beads on the surface as opposed 

to hemi-spherical droplets. The formation of the balling phenomenon is due to 

insufficient wetting of the molten material to the underlying solid material, the spherical 
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shape is created by the surface tension forces [35]. The balling phenomenon obstructs 

the formation of continuous melt lines, forming solidified metal beads and which in 

severe cases can aggravate in subsequent layers and jam the powder coater in the 

SLM machine.  

 

The spherical droplets form a rough surface resulting in altered mechanical properties 

detrimental to the final build quality, as the number of pores increase if the balling 

phenomenon is present, the pores forming in-between discontinuous metal balls. This 

is because the layer above the solidified balls on the surface does not uniformly melt, 

thus, leaving pores. Similarly, the melted underlying layers also leave pores between 

the balls.  

 

Additionally, the surface roughness is increased by the presence of the balling on the 

surface, therefore post processing surface polishing is needed in order to improve part 

quality. However, polishing can reduce the dimensional accuracy. In severe cases, the 

metal balls on the surface of the melted layer hinder the movement of the powder 

spreading roller/wiper resulting in either a defected layer in the build or a stopped 

powder coater.   

 

 

Figure 6 illustrates the wetting phenomena showing the process of transformation from 

semi-spherical to spherical droplets, where S is a flat, chemically homogenous 

surface, L is liquid, V is vapor phase, 𝜃𝜃 is the angle of intersect between liquid and 

Figure 6: Illustration of wetting phenomena on a solid substrate b) Transition from semi-spherical to spherical droplet 
dependent upon melt pool dimensions. [38] 
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surface and Θ is the minimum total free energy of the system. The laser interaction 

time in the melting process inside SLM is small and thus 𝜃𝜃 obeys the classical Youngs 

equation (1804) as shown in Figure 6 where, σSV, σSL and σLV are the surface energies 

of the system and θγ is the intersection angle [35].  

If the melt pool is considered as a half cylinder, the balling phenomenon occurs when 

the total surface of the melt pool is larger than a sphere with the same volume (L/d 

>2.1) unless the molten material has wetted to the underlying substrate. Therefore, in 

order to avoid the balling phenomena, L/d<2.1, which can be achieved through the 

optimisation of process parameters such as laser scan velocity and power. A study by 

Kruth et al [35] showed that high laser power fully melt the metallic powder and high 

scan velocity satisfies L/d<2.1 as it reduces the length of the melt track, thus reducing 

the effect of balling. However, studies by Gu et al [36] showed in contrast to the 

previous study, low scan speeds can also reduce the effect of balling due to the low 

scan velocity producing increased melt track width, thus satisfying L/d<2.1.  

Oxides are less reactive and can considerably affect the ability for a material to wet to 

the underlying substrate. According to Young’s law, wetting between solid steel and 

liquid aluminium should be possible, however, in practical conditions, this is not 

observed.  Jia et al [37] showed that the wetting of the two materials does not occur in 

practical conditions due to the presence of an oxide layer on the molten aluminium 

surface which needs to be removed in order for the two materials to wet.  

Liu et al [38] Studied the influence of surface morphologies on wettability and flow of 

molten metal during the formation of single tracks. The study concluded that a small 

amount of molten metal of the single track on the uneven surface decreased the 

amount of melt for wetting and resulted in shrinking of the single track. Additionally, 

the study concluded that oxide films formed on the balls resulted in poor wetting to the 

substrate of molten material.  

The balling effect can also be reduced by decreasing the oxygen content within the 

build chamber atmosphere. A study processing stainless steels and pure nickel 

powder by Li et al [39] showed that a build chamber oxygen content of 0.1% produced 

a smooth melted surface with no balling whereas an oxygen content of 2% and 10% 

produced clear balling formation. Additionally, the study concluded that balling can be 
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divided into two categories: ellipsoidal balls and spherical balls. Ellipsoidal balls are 

caused by a poor ability to wet, these can form in dimensions up to 500µm which can 

be highly detrimental to SLM build quality. Spherical balls are formed as explained 

earlier and have no apparent detrimental effect on final build quality with dimensions 

of 10µm.  

Das and Kruth et al [40] explained that the oxide film on the preceding build layer 

obstructs bonding between layers (which would reduce the surface energy) and leads 

to balling as molten metal do not readily wet oxide films unless a chemical reaction 

occurs (in soldering this effect is achieved by the use of fluxes). Delamination can also 

occur as there are high thermal stresses combined with poor interlayer bonding. 

Therefore, the study suggested that the low oxygen level would reduce the presence 

of oxide and repeated laser exposure would break up any oxide films and thus reduce 

the balling phenomenon.   

 

2.2.3 Powder reuse  
 

The production cost of processing with powder feedstock in SLM is high. A practical 

solution to overcome the high material costs is to recycle the feedstock from previous 

builds as only 10-50% of the powder is utilised in the build volume and the cost of a 

built part can double without the inclusion of a recycling regime [41]. However, once 

the virgin powder is exposed to the building environment within the SLM process, 

degradation of the powder occurs, and quality is compromised with repeated use.  

 

Metal powder used in SLM degrades with repeated use through the pick-up of 

interstitial elements such as oxygen and nitrogen [42][6]. The degradation is 

considered to be caused by by-products from two main mechanisms within the SLM 

process, the powder melting process which produce re-melted ‘weld splatter’, 

agglomerates and a soot-like condensate of nanoparticles [43] as shown in Figure 7, 

and contamination from the handling process of powder. These particles can settle on 

the powder, which can affect powder distribution, layer uniformity and even be 

incorporated into the build.  
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Adoption of AM in high end, critical applications for industries such as aerospace are 

hindered by the high raw material cost of metal powder attributed to excessive 

scrappage of powder due to poor understanding of the degradation mechanism. There 

is a lack of confidence in the re-use of metal powder even though reuse has long been 

a unique selling point for the technology as it has the potential to yield large material 

utilisation.  

 

The cost reduction through powder re-use could be significant for the aerospace 

industry as the ‘buy-to-fly’ ratio has the potential to exceed 0.9 in comparison to 

conventional technique such as machining which yields a buy-to-fly ratio of 0.1. The 

buy-to-fly ratio is defined as the quantity of material used in flight compared to the total 

material purchased. However, as powder is degraded with repeated use, combined 

with a lack of understanding of the impact it has on the final build mechanical 

properties, confidence in powder re-use is low. Therefore, many manufacturers for 

high end, critical components such as aerospace applications have specified limits on 

Figure 7: Schematic of SLM process and generation of unwanted by-
products (Spatter and condensate) 
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the amount of times powder can be used. The reuse of powder is necessary to make 

the process economically viable [44][45].  

 

Incorporating a robust recycling strategy into processing is important to improve the 

sustainability of the SLM. There are two common recycling strategies used for SLM 

fabrication processes; single batch and top up [46].  

 

A single batch recycling strategy allows the powder batch quantity to deplete by 

completing a series of manufacturing builds without replenishing the powder quantity. 

Post processed powder is sieved in order to remove out of range oxidised particles, 

contaminants and agglomerates. The sieved powder is then reintroduced as feedstock 

into the SLM process, this process is then repeated until there are insufficient powder 

quantities left to complete any further build cycles.  

 

By contrast, a top-up recycling strategy uses a blending process of virgin powder in 

order to replenish the feedstock as shown by Figure 8. Post processed powder is 

collected after the build cycle and a sample of powder is taken from the batch for 

analysis to evaluate the powder quality from build-to-build to ensure that the powder 

properties still meet build specifications. The post processed powder is replenished 

and blended with virgin powder, known as ‘top up’, and finally reintroduced back into 

the SLM process as feedstock ready for a new build cycle. This process is repeated 

until the quality of post processed powder and virgin powder no longer meets the 

required build specifications. It is important to note that the number of cycles that a 

powder can be reused for, using the top up method, varies between materials used 

and process parameters used.  

 

 
Figure 8: Schematic of the 'top up' recycling process [47] 
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A study by E. Santecchia et al [41] suggested that the production of  condensate and 

spatter by-products leads to laser muting (attenuation) and drift, local changes in 

process conditions, leading to a change in the mechanical properties of final part and 

variations in the microstructure. The results concluded that the process parameters 

and inefficient removal of by-product by gas flow is a key factor in the development of 

the problems mentioned.  

 

H.P.Tang et al [48] investigated the effect of powder reuse on Ti-6Al-4V by selective 

electron beam melting. The study showed that the oxygen wt % increased significantly 

as the number of powder reuses increased; reuse number 0 (0.08 wt %) and reuse 

number 21 (0.19 wt %). The increased oxygen content resulted in an increase in yield 

strength and ultimate tensile strength from reuse 6 to 20.  Additionally, the powder 

became less spherical and the particle size distribution narrowed with increased 

powder use. The oxygen specification for grade 23 titanium alloys is a max of 0.13 wt 

% and 0.2 wt % for grade 5. Thus, based on the evidence presented by H.P.Tang et 

al, the titanium powder was out of specification for grade 23 after reuse 4 and 

approaching the grade 5 specification limit of 0.2 wt % at reuse 21. The number of 

reuse cycles also had a direct impact on the elongation of the sample, after 6 reuse 

cycles, the elongation % dropped from 16 % (virgin) to 13.5%. However, at 21 reuse 

cycles, the elongation result was 15.5%, although a reduction compared to virgin, the 

relationship between elongation and oxygen may not be linear.  

 

The featured literature focussed on the effect of re-used powder in the SLM process 

and the potential consequences it can have on final build quality. The effects of powder 

re-use differ significantly and are mainly dependent upon the material, process 

parameters and gas quality. Thus, re-iterating the uncertainty and lack of confidence 

around the re-use of powder within industry. Understanding the nature of the 

degradation mechanisms, in particular, the by-products (condensate and spatter) 

would build confidence within the industry to re-use powder and enable a solution to 

identify, monitor and if possible, remove problematic particles within post processed 

powder. The need to understand powder degradation is prominent as industry is 

transitioning from rapid prototyping and driving towards serial production of 

components.  
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2.2.4 Hot tearing crack formation  
 

In the form of cracks, hot tearing is a common defect that occurs in processes with 

rapid cooling rates. Hot tearing forms throughout the semi-solid phase where alloys 

are in a slurry state during solidification. Hot tearing is more prominent in alloys with a 

large freezing range due to longer time spent by the alloy is a vulnerable state where 

a thin film of liquid exists between dendrites. In LPBF, the high cooling rates may 

promote columnar dendrites which may lead to a higher amount of hot tearing in 

comparison to equiaxed structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Martin et al [49] showed the formation of cracks in AA-6061 parallel to the build 

direction which agreed with findings for AA-7075 from Kaufmann et al [50] as shown 

in Figure 9. Zhang et al [51] reported that the crack formation increased in AA-2024 

as the scan speed increased due to the Mg and Cu widening the materials solidification 

range.  

 

Throughout the solidification process in high strength aluminium alloys, columnar 

grains form in the direction of the thermal gradient. This results in inter-dendritic liquid 

Figure 9: Hot tearing crack formation in LPBF AA-7075 along the build direction 
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at the interface and in combination with shrinkage, lead to crack formation suggesting 

that the formation of cracks can be correlated to the melting mode.  

 

The solidification cracks form and grow along the grain boundaries in the latter stages 

of the solidification due to the thermal stresses, shrinkage, and a lack of liquid filling. 

The formation of residual stresses exceeding the yield strength of the material during 

the process of solidification promotes the crack formation [52].  

 

Sun et al [53] studied the hot tearing mechanism for high entropy alloys manufactured 

using LPBF. The results suggested that intergranular solidification cracks are present 

regardless of the process parameters and severe stress induced by the large grain 

size is the root cause for intergranular cracking. 
 

2.3 Oxidation 
 

2.3.1 Introduction  
 

Oxidation of metals is widely used across industry for different applications. However, 

in SLM, oxidation of the powder bed can create undesirable changes to the 

mechanical properties of a component. Interstitial elements such as oxygen can 

dissolve (for some alloys) into the substrate material which can locally embrittle 

regions of the build. Additionally, oxide layer formation may occur within the build 

process which coats the particles with an oxide surface layer. This can result in oxide 

being broken up during the melting process and stirred into the melt pool increasing 

the risk of delamination between build layers and lead to the formation of micro 

cracking of the built component. 

 

This section reviews the literature of oxidation fundamentals, specifically, oxidation of 

titanium alloys. Additionally, the interference phenomenon is reviewed as the 

interference colours produced from the oxide layer formation formed a crucial part of 

later investigations.  
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2.3.2 Oxidation fundamentals  
 

Oxidation of metals is considered to be a complex process as it depends on various 

different factors. Free energy change associated with oxide formation from the 

reactants is the dominant factor in the oxidation process and oxide layer formation, but 

reaction kinetics and diffusion play a significant role in the structures formed. Oxide 

layers will only form if the dissociation pressure of the oxide in equilibrium is less than 

the ambient oxygen pressure as shown in Equation 2, where ∆Go(MaOb) is defined as 

the standard free energy change.  

 

 

 𝑝𝑝𝑂𝑂2 ≥ 𝑒𝑒𝑒𝑒𝑒𝑒 �
−2𝛥𝛥𝐺𝐺𝑜𝑜(𝑀𝑀𝑎𝑎𝑂𝑂𝑏𝑏)

𝑏𝑏𝑏𝑏𝑏𝑏
� (2) 

 

 

The Ellingham diagram illustrates oxide formation standard free energy as a function 

of dissociation pressure and temperature. The Ellingham diagram is a useful tool for 

qualitatively measuring the stability of oxides at different partial pressures of oxygen 

and temperature. However, the Ellingham diagram does not account for oxidation 

kinetics and provides no information. Understanding the oxidation kinetics is essential 

as it forms the basis for elucidation of the oxidation process. Reaction rate is 

dependent upon numerous variables such as temperature, surface preparation and 

time of reaction, these relationships can be categorised into the three growth rate laws: 

  

• Logarithmic  

• Parabolic  

• Linear  

 

Many metals obey logarithmic law at temperatures below 400oC; the reaction rate is 

rapid initially and then reduces to a negligible rate. Low temperature oxidation of 

metals can be considered by this direct law and the inverse logarithmic equation as 

shown in Equation 3 and 4 [54]. Where, x is the oxide thickness, A and B are constants, 

𝑘𝑘𝑖𝑖𝑖𝑖 and 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙are the rate constants and t is the oxidation process time. 
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 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑙𝑙𝑙𝑙𝑙𝑙: 𝑥𝑥 = 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡 + 𝑡𝑡𝑜𝑜) + 𝐴𝐴 (3) 

 

 

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑙𝑙𝑙𝑙𝑙𝑙:
1
𝑥𝑥

= 𝐵𝐵 − 𝑘𝑘𝑖𝑖𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡) (4) 

 

At elevated temperatures metals mainly obey the parabolic law with respect to time 

rather than the logarithmic law observed at lower temperatures. Parabolic law 

oxidation rate can be illustrated by Equation 6 [54].  Where x is the oxide thickness, 

𝑘𝑘′𝑝𝑝 and 𝑘𝑘𝑝𝑝 are rate constants, C is the integration constant and t is time of oxidation.  

 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝑘𝑘′𝑝𝑝
𝑥𝑥

 (5) 

 

 

 

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟: 𝑥𝑥2 = 2𝑘𝑘′𝑝𝑝𝑡𝑡 + 𝐶𝐶 = 𝑘𝑘𝑝𝑝𝑡𝑡 + 𝐶𝐶 (6) 

 

 

The linear law differs from logarithmic and parabolic as the linear growth relationship 

is constant with time and therefore does not depend upon the thickness of the oxide. 

The linear oxidation law can be described by Equation 8 [54]. Where x is oxide 

thickness, t is time, C is an integration constant and 𝑘𝑘𝑖𝑖 is linear rate constant.  

 

 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑖𝑖𝑡𝑡 (7) 

 

 

 𝑥𝑥 = 𝑘𝑘𝑖𝑖𝑡𝑡 + 𝑐𝑐 (8) 
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The oxidation process is complex and varies between materials and not often obeys 

only one standardised oxidation law, instead most metals obey a combination of 

oxidation rate laws mentioned due to the changing nature of the oxide with respect to 

time. At the initial stages of oxidation, a primary oxidation law is dominant whilst the 

second oxidation law is dominant after a prolonged period of time into the oxidation 

process. At low temperatures, the cubic rate can be observed to combine logarithmic 

and parabolic rate laws. Whereas at elevated temperatures, the para-linear rate 

occurs, combining an initial oxidation rate obeying parabolic law and then after a 

prolonged period of time, the oxidation rate obeys linear rate law. Thermogravimetry 

is the conventional way to measure oxidation rates and is widely used by material 

scientists to determine behaviour of metals by studying the change in mass of a heated 

material of defined surface area with respect to time. The mass change is dependent 

upon the thickness of the oxide layer and diffusion of oxygen into the substrate 

material. Determination of oxidation rate and oxidation kinetics can be achieved by 

factoring the weight gain data into Equation 9 [54] [55]. 

 

 �
∆𝑊𝑊
𝐴𝐴
� = 𝐾𝐾𝑡𝑡

1
𝑛𝑛 (9) 

 

Where ∆𝑊𝑊 is the weight gain, K is the rate constant, A is surface area, t is time and n 

is the reaction index; where n=1 (Linear), n=2 (Parabolic) and n=3 (Cubic). Calculation 

of the reaction indices is conventionally achieved through regression analysis of a log-

log plot of time and weight gain per surface area. Arrhenius law can describe the 

temperature dependence of the reaction constant as shown by Equation 10, where 𝑘𝑘𝑜𝑜 

is the frequency factor, Q is the activation energy, R is the universal gas constant and 

T is absolute temperature.  Arrhenius plot of 1/T and log k values allows a comparison 

of different metals oxidation resistance over a larger temperature range.  

 

 𝑘𝑘 = 𝑘𝑘𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝑄𝑄
𝑅𝑅𝑅𝑅

� (10) 

 

2.3.3 Oxide growth mechanisms 
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The growth of an oxide can be categorised into four main steps that results in the 

formation of a uniform layer that covers a substrates surface: 

 

1. Adsorption of oxygen  

2. Oxide nucleation 

3. Oxide growth laterally  

4. Compact oxide layer formation 

 

The primary step in oxide growth is the adsorption of oxygen which results in oxygen 

attaching onto the substrate surface via physical adsorption or chemisorption [54]. The 

bonding of the gas molecules to the substrate surface defines the type of adsorption 

process that occurs. Chemisorption forms stable chemical bonds, whereas in physical 

bonding, gas molecules are held to the substrate surface via weak van der Waals 

forces.  Chemisorption is generally a slow process in comparison to physical 

adsorption, however, if the surface of the substrate metal is clean, the process is rapid 

without significant activation energy. Physical adsorption is a fast process as it 

commences upon impingement of the metal surface by the gas molecules without, the 

requirement of activation energy. Upon sufficient adsorption of the oxygen molecules, 

the molecules dissociate and are absorbed as atoms until a saturated state occurs. 

Once the metal is saturated with oxygen atoms, the formation of oxide nuclei occurs, 

and they grow laterally resulting in a thin, compact oxide layer covering the metal 

surface.  

 

Metal oxides are compounds, therefore further growth of the oxide is dependent upon 

the mass transport of electrons and ionic species through the oxide layer as shown in 

Figure 10. Oxide layers have numerous different imperfections which significantly aid 

the mass transport such as metal/non-metal ions located at the interstitial position and 

metal/non-metal ion vacancies. Dependent upon the imperfections present and 

conductivity, oxides can be categorised into two types: 

 

• p-type oxide 

• n-type oxide 
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p-type oxides grow outwards relative to the substrate metal, whereas, n-type oxides 

grow inwards [56]. In the case of oxidation of titanium alloys, oxygen ions diffuse to 

react with the metal via n-type anions, resulting in the oxide growing inwards.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 Oxidation of conventional titanium alloys 
 

Titanium has a high affinity to react with oxygen. The rate of the reaction is dependent 

upon the environmental conditions in which the titanium is exposed such as 

temperature and pressure. At room temperature, a thin passive TiO2 oxide film forms 

due to the reaction between oxygen and titanium which provides protection for the 

metal surface from corrosion. However, as the temperature increases, the oxide layer 

no longer protects the metal surface and allows oxygen to dissolve into the core 

titanium. The solubility of oxygen in titanium is dependent upon the phase; α-phase 

titanium is around 34 at % with little variation with temperature whereas β-phase 

titanium increases in solubility as the temperature increases, peaking at 8 at % at 

1700oC. Figure 11 shows the Ti-O phase diagram indicating that many stable titanium 

oxides can form such as TiO, Ti2O3 and Ti2O. However, at near atmospheric pressure 

and oxidation temperatures below 1000oC, only the TiO2 rutile type oxide scale is 

normally observed [54].  

 

Figure 10: Schematic of mass transport across oxide layer [45] 
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The oxidation rate of titanium is heavily dependent upon the alloying elements. 

Commercially pure (CP) titanium has been investigated extensively to understand how 

temperature effects oxidation rate and with respect to time as shown in Figure 12. 

Kofstad et al [57] showed that temperature <400oC followed logarithmic law, 

temperature in the range of 400-600oC followed cubic law, temperature in the range 

of 600-700oC followed parabolic law and temperatures >900oC followed linear law. 

However, at elevated temperature (>600oC), the oxidation rate changes with respect 

to time, as the exposure time increases, the rate of oxidation shifts to a linear rate. 

Logarithmic oxidation produced a thin passive oxide layer whereas cubic and parabolic 

oxidation rates produced a thick surface oxide layer and oxygen diffusion into the 

titanium core, resulting in a change in mechanical properties as a brittle, hard oxide 

layer formed. Linear oxidation resulted in cracking and porosity in the oxide layer this 

was accredited to the high stresses in the oxide layer and titanium core [58][59].  

Figure 11: Ti-O phase diagram 
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Alongside CP titanium, there are many other titanium alloys utilised in various 

industries due to their superior mechanical properties such as Ti-6Al-4V. However, the 

alloying elements change the oxidation behaviour significantly and add complexity due 

to the different microstructures. There are many titanium alloys to be considered other 

than Ti-6Al-4V, however the following section will focus on Ti-6Al-4V as this was the 

material of choice for this project.  

 

2.3.5 Mixed Titanium-Aluminium oxide 
 
Various authors have studied the oxidation of Ti-6Al-4V exposed to different 

environmental conditions and temperatures. A study by Frangini et al [60] investigated 

the oxidation behaviour of Ti-6Al-4V between 600-700oC exposed for 300 hours and 

concluded that between 600-700oC, parabolic law was observed. However, at 

temperatures above 700oC, linear law was observed after an exposure time of 50 

hours. The change in oxidation rate is due to the change of morphology of the formed 

oxide layer; dense and compact structures are formed at low temperatures whereas 

higher temperatures result in porous structures and increase the rate of oxidation.  

 

A subsequent study by Du et al [61] showed that Ti-6Al-4V exposed to temperatures 

of 650-850oC over prolonged periods of time produced a multi layered oxide structure 

consisting of TiO2 and Al2O3.  The study concluded that formation of this multi-layered 

Figure 12: Schematic of oxidation rate with respect to time and temperature. [48] 
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oxide structure is a phenomenon dependent upon time and temperature where the 

number of Al2O3 layers increases with an increase in either dependent variable.  

 

 Du et al [61] also discussed a formation mechanism for multi-layered oxide scale 

structure in Ti-6Al-4V with regards to oxygen and oxygen partial pressure within the 

oxide scale. As the TiO2 forms on the surface of the titanium alloy, the alloy is 

separated from the environment by the oxide layer whereby the partial pressure of the 

oxygen in the oxide drops from the gas/oxide interface to the oxide/metal interface 

resulting in a partial pressure decrease to close to the dissociation pressure of TiO2. 

The disassociation pressure of aluminium oxide is much lower than that of titanium 

oxide and would suggest that the aluminium will still oxidise. The earlier oxidation may 

have depleted the aluminium in the substrate near the metal/oxide interface and 

therefore it is unlikely that Al2O3 will form at the oxide/metal interface. 

 

In contrast, aluminium diffuses outwards in the direction of the gas/oxide interface 

where it reacts with oxygen to form an outer layer of Al2O3, this results in the formation 

of a double oxide layer consisting of TiO2 and Al2O3 [61]. The continued growth of the 

oxide layers causes cracks at the oxide/metal interface when the critical thickness of 

the oxide layer is achieved because of the different thermal expansion coefficients 

between the oxide and substrate metal. At the initial stages of oxidation, the contact 

remains good between the oxide scale and the substrate [62], however since the 

plasticity of the oxide is limited, cracking will occur once critical thickness is achieved.  

The cracking and detachment of the oxide from the substrate metal makes the oxide 

less protective and so increases the partial pressure of the oxygen close to the 

oxide/metal interface which promotes the formation of a second TiO2 layer. This 

process repeats itself as the oxidation continues and results in the formation of a multi-

layered structure of TiO2 and Al2O3 structure in Ti-6Al-4V as shown in Figure 13 

between 650-800°C.  
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Figure 13: Illustration of the formation of multi-layered oxide structure in Ti-6Al-4V by Du et al [61] 

 

 

2.3.6 Interference phenomenon 
 

Interference phenomena is observed when reflected waves of light are out of phase, 

such as when light is reflected and refracted by a thin film, this is commonly known as 

thin film interference, and a common example of the phenomena is observed when 

there is oil on a wet road.  

 

The colouring of titanium has been used in various different industries such as 

jewellery, architecture and design for its desired colours and in some applications, the 

protection associated with the oxide layer formed. Titanium alloys exposed to an 

oxygen atmosphere, results in a colourless passive nanometre thick oxide film. 
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However, increasing the thickness of this native oxide film, the surface acquires colour 

due to the interference phenomena. The colour produced by the thickening oxide layer 

is observed over a range of thicknesses, which follow the well-established oxidation 

spectrum for titanium alloys. Interference colours can occur twice over two different 

thickness ranges, known as first-order colour and second-order colour as shown in 

Figure 14. The thickening of the oxide can be achieved by thermal oxidation or 

commonly, anodization.  

 

 

 

 

When the oxide is irradiated with light, the surface oxide reflects only a portion of the 

incident photons, the remaining portion experiences refraction inside the oxide and is 

reflected by the metal surface. Therefore, after impinging the surface, two different 

distances are covered by the light wave resulting interference phenomena which is 

considered to be constructive for in-phase waves and destructive for waves in the 

opposing phase [63][64], as shown by Figure 15. The refracting film layer makes the 

light travel a longer path resulting in the light waves reflected from the upper and lower 

thin film surfaces being out of phase and interfere to cancel wavelengths out and 

promote others. The cancellation of a wavelength occurs when the reflected and 

refracted light waves are out of phase, resulting in destructive interference and a 

colour is observed using white light, here some wavelengths are enhanced, and some 

Figure 14: Interference colours produced the oxide thickness, which depends upon the voltage applied during anodisation. 
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are suppressed. As the oxide thickness layer increases and different colours are 

observed, the wavelength that is cancelled varies. The surface finish is essential as it 

influences the colour produced as it determines the behaviour of the light scattering 

across the surface and thus effects brightness of colours [65]. 

 

 

 

 

 

The extra distance that is travelled by the refracted wave compared to the reflected 

wave is called the optical path difference. The optical path difference is a combination 

of the extra distance travelled by the refracted wave and its retardation due to the 

refractive index of the material on which the layer has formed. The optical path 

difference is important as it determines the phase of light and governs the interference 

and diffraction of the light wave. The refractive index of a material is defined as the 

ratio of speed of light within the material to the speed of light in a vacuum, this ratio is 

a measure of a material’s optical density. The optical density varies between materials; 

however, a material must be sufficiently transparent to ensure the incident light wave 

is not totally absorbed [65].  

 

The ratio is quoted using Snell’s law [66] by comparison of the sine of the incident 

angle of the light wave through a less dense medium and sine of the angle of refracted 

light in a denser medium as shown in Equation 11. 

 

Figure 15: Schematic of two light waves impinging surface oxide during interference phenomena. [53] 
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 𝑛𝑛1𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1 = 𝑛𝑛2𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃2 (11) 

 
 

Where 𝑛𝑛1 is incident index, 𝑛𝑛2 is refracted index, 𝜃𝜃1 is incident angle and 𝜃𝜃2 is refracted 

angle. The optical path difference is the product of two variables; the thickness (t) and 

the difference in refractive index (n) given by Equation 12. 

 

 

 𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑑𝑑1𝑛𝑛1 − 𝑑𝑑2𝑛𝑛2 (12) 

 

 

Where 𝑑𝑑1 and 𝑑𝑑2 is the distance the wave has travelled through the respective 

medium, 𝑛𝑛1 is the largest refractive index and 𝑛𝑛2 is the smaller refractive index. The 

physical thickness of the oxide layer and optical density both significantly influence the 

optical path difference. Using the OPD, the phase can be calculated using Equation 

13 [67]. 

 

 

 𝛿𝛿 = 𝑂𝑂𝑂𝑂𝑂𝑂 �
2𝜋𝜋
𝜆𝜆
� (13) 

 
 

 

2.4 Titanium Alloys  
 

2.4.1 Introduction and Application  
 

This section illustrates the background theory of the titanium research field and 

includes a literature review for Ti-6AL4V alloy. 

 

Titanium is the fourth most dominant structural elements found in the earth’s crust after 

aluminium, magnesium and iron, overall, it is the ninth most abundant element present 

within the earth’s crust. However, titanium does not naturally occur in its pure state, it 



 54 

is found in a variety of different states naturally in minerals such as rutile (TiO2) and 

ilmenite (FeTiO3), isolating titanium to a free element is a difficult and expensive 

process. However, although the processing cost is high, the mechanical properties of 

titanium make it a perfect metal to be used across a variety of industries such as 

medical and aerospace. In the case of SLM, titanium alloys undergo an atomisation 

process in order to get the alloy into powder form.  

 

Titanium Is widely used across many different industries, in particular, the aerospace 

industry, due to titanium’s high strength to weight ratio and excellent corrosion 

resistance. The titanium usage within the aerospace is continually growing as the high 

strength to weight ratio allows a weight reduction for aircraft. Other industries such as 

biomedical and marine utilise titanium for components but are only used for high end 

applications due to the high raw material cost of titanium alloys mainly associated with 

the processing.  

 

2.4.2 Metallurgy of titanium alloys  
 

There are two allotropic forms in which pure titanium exists: α–titanium (α–phase) and 

β–titanium (β–phase). The α–titanium has a hexagonal close packed (HCP) crystal 

structure and the β–titanium has a body centred cubic (BCC) crystal structure. Figure 

16 displays the crystallographic structure and unit cells of the α and β phases of 

titanium. Figure 16a displays the hexagonal close packed (HCP) structure of α-phase 

titanium displaying different planes such as the basal planes {0002}, the prismatic 

planes {1010} and pyramidal planes {1011}, Axes a1, a2 and a3 display the close pack 

directions. By comparison, Figure 16b displays the β–phase body centred cubic (BCC) 

crystal structure with one of six {110} planes [4].  

 
In pure titanium, allotropic phase transition from α-phase to β-phase occurs at 882 ± 

2 °C, this temperature is widely known as the β–transus temperature. At low 

temperatures (room temperature) to the β–transus temperature, α-phase is stable, 

however, temperatures exceeding the β–transus temperature, β-phase is stable.  
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The presence of titanium in two phases alongside the allotropic phase transformation 

temperature is essential for titanium alloy processing which allows different 

mechanical properties to be achieved dependent upon the alloying elements. The 

stability of the phases at a given temperature is dependent upon the alloying elements, 

thus the β–transus temperature changes with the alloying element. The aerospace 

industry has widely alloyed titanium with various different elements for applications 

such as high temperature compressor blades, jet engine components and many 

structural components, all requiring slightly different compositions to achieve the given 

application.  

 

The α–phase exhibits higher creep resistance in comparison with the β-phase but 

produces lower ductility due to the lack of symmetry in the HCP structure. Additionally, 

the α–phase produces higher strength and stiffness, the Young’s modulus varying 

from 100GPa 145GPa dependent upon the applied load direction relative to the 

orientation of the crystal [68]. Volume and phase distributions also affect the material 

properties; the β-phase is both thermally [69] and electrically [70] more conductive 

than the α–phase.  

 

Figure 16: Schematic of titanium crystal structure, a) α-phase hexagonal close-packed (HCP) and b) β-phase 
body centred-cubic (BCC) [4] 
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Figure 17 illustrates titanium alloy phase diagrams and shows the impact different 

alloying elements have on the β–transus temperature. There are three categories of 

alloying elements to titanium, α-stabilizer, β-stabilizer and neutral elements. Elements 

added to titanium in order to increase the β–transus temperature are called α-

stabilizers whereas elements added to reduce the β–transus temperature are called 

β-stabilizers. Alloying elements that have no effect on the β–transus temperature are 

called neutral elements. There are two categories of β-stabilizing elements; β-

isomorphous and β–eutectoid. β-isomorphous is categorised as elements with a high 

solubility in titanium whereas β–eutectoid is categorised as elements that have limited 

solubility in titanium and form intermetallics.  

 

The most commonly used α-stabilizing element is aluminium (Al) due to its high 

solubility in both α and β -phase alongside the ability to raise the β–transus 

temperature as shown in Figure 17. However, to avoid the formation of titanium 

aluminide (Ti3Al) precipitates in the α-phase, the aluminium content of most titanium 

alloys is limited to around 6 wt %. Figure 18 displays that an aluminium content of 6 

wt % in titanium can increase the β–transus temperature from 882 °C (pure titanium) 

to 1000°C.  

Figure 17: Schematic of the effect of alloying elements in titanium using binary phase diagrams. [67] 
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Figure 18: Ti-Al phase diagram 
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Commonly used β-isomorphous stabilizing elements are Vanadium (V) and 

Molybdenum (Mo) and in sufficient amount stabilize the β-phase at room temperature. 

Different quantities of these stabilising elements are present for different alloying 

applications, in the case of Ti-6Al-4V, the vanadium (V) content is around 4 wt %. 

Commonly used β–eutectoid stabilising elements are chromium (Cr) and iron (Fe) to 

reduce the β–transus temperature whereas zirconium (Zr) and hafnium (Hf) do not 

significantly impact the β–transus temperature and are considered to be neutral 

alloying elements.  Oxygen also plays a key role as an α-stabilising element due to its 

high solubility and ability to significantly increase the strength of titanium alloys.  

 

2.4.3 Alloy classification  
 

There are three main classes of titanium alloy; α-phase, β-phase and α+β-phase. Two 

subclasses of these alloys are near α-phase and near β-phase (metastable). The alloy 

Figure 19: Ti-V phase diagrams 
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classification is dependent upon the type of alloying elements and the quantity present 

which in turn defines the dominant phase at room temperature as shown in Figure 20. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

The α-phase and near α-phase alloy classification consists of commercially pure 

titanium (CP) and alloys that comprise of α-stabilising elements and/or neutral alloying 

elements. Commercially pure titanium (CP) is graded based upon the oxygen content 

which dependent upon the level of oxygen results in reduced ductility and increased 

strength. Chemical analysis of these alloys will often detect small amounts of 

contamination/impurities from the manufacturing process such as carbon and iron 

elements. The α-phase alloys are characterised by high deformability and excellent 

corrosion resistance and thus used in engineering and chemical applications.  

Whereas, near α-phase alloys have small volume fractions of β-stabilising elements 

such as silicon that segregate to dislocations and grain boundaries forming titanium 

disilicide (TiSi2) precipitates that resist deformation. This results in high strength and 

excellent creep resistance, making these alloys excellent for high temperature 

applications operating up to 500-550oC [71].    

 

Figure 20: 3-D schematic of titanium alloy classification phase diagram [60]. 
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The β-phase and near β-phase (metastable) alloy classification are located in the α+β-

phase region and usually consist of >15 wt % β-stabilising element. Martensitic 

formation does not occur within these β-phase alloys upon fast cooling from high 

temperature. These alloys are typically used in applications for orthodontics, medical 

and aerospace sectors due to its high strength, fatigue strength and high toughness. 

However, in comparison to α+β-phase alloys, these alloys have a high cost and a 

small processing window.  

 

The α+β-phase alloy classification is located in the α+β-phase region consisting of 

both α-stabilising and β-stabilising elements which are in larger quantities compared 

to α-phase alloys. These α+β-phase alloys are typically used in both commercial and 

military aircraft applications due to the excellent corrosion resistance, high damage 

tolerance and high strength. Ti-6Al-4V is the most commonly used α+β-phase alloy, 

accounting for approximately 50% of total titanium alloy production worldwide due to 

its excellent workability, weldability and heat treatability.  

 

2.4.4 Diffusion controlled transformation 
 

A diffusion-controlled transformation occurs when the rate of cooling is controlled or 

slower than that of a diffusionless transformation. A diffusion-controlled transformation 

in Ti-6Al-4V impacts the orientation, morphology and distribution of the equilibrium α 

+ β phases. The determining characteristic of this transformation is the Burger 

orientation relationship between the α + β phases and is defined as: {110}β // (0001)α 

and <111>β // <11-20>α [72][73].  

 

The Burger orientation relationship can result in twelve potential crystallographic α 

structures in one parent β grain. In the case of the Widmanstätten morphology, the 

nucleating α phase forms high aspect ratio laths, resulting in a crystallographic 

relationship with the prior β matrix [72]. 

 

At the primary of the transformation, the α grain boundary nucleates on the prior β 

boundary to form Widmanstätten α plates which can produce colonies (similarly 

arranged platelets) or a basketweave structure. A basketweave structure suggests 
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that more rapid cooling has occurred or an enrichment of β stabiliser during phase 

transformation. An increase in temperature and time in the β solution results in an 

increase of the number of Widmanstätten α plates. However, the number of 

Widmanstätten α plates will decrease with rapid cooling rates and higher β stabilising 

elements [74].  

 

2.4.5 Diffusionless transformation  
 

The martensitic transformation is a diffusionless transformation which is achieved with 

high cooling rates, conventionally in the form of water or oil quenching. A diffusional 

transformation occurs at slower cooling rates such as air cooling or furnace cooling. 

The high cooling rates from the β-phase field transform the titanium alloys from β-

phase (bcc) to α-phase (hcp) occurs via a displacive transformation to form α’ 

martensitic structure. A range of Ms temperatures have been stated for Ti-6Al-4V from 

575 oC [75] to 800 oC [76] dependent upon initial microstructure, impurity elements and 

composition homogeneity [77].  

 

Banerjee et al [72] investigated the martensitic transformation and suggested that 

there are three main steps in the displacive mechanism as shown in Figure 21. The 

first mechanism is the Bain distortion which turns the cubic lattice into orthombic or 

hexagonal. The second step is a lattice shear by either slipping or twinning relative to 

the invariant plane. The third step is a shuffling in the [1-10] direction on the (110) 

plane to orientate the atoms into the proper hexagonal positions of the martensite.  
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The morphology of the α’ martensitic structure is dependent upon the alloy content 

and is classified into two different microstructures; acicular martensite and massive 

(packet) [78]. Acicular martensite comprises of combinations of individual α’ plates 

belonging to different Burger orientations [79]. In contrast, massive packet martensite 

comprises of large irregular regions with packets of small parallel α’ plates belonging 

to the same α’ variants, there being no observable features under the optical 

microscope.  

 

The microstructure formed by rapid cooling rates from the β-phase varies dependent 

upon the amount of isomorphous β-phase stabilisers present such as vanadium, 

niobium and molybdenum. The microstructural differences influence the mechanical 

properties of the titanium alloy such as the hardness and the Young’s modulus [80]. 

The addition of α-phase stabilising elements such as tin or aluminium to alloys that 

exhibit β-phase to α’’ martensitic transformation (Ti-V, Ti-Nb or Ti-Mo) leads to the β-

phase to α’’ transformation is suppressed.  

 

A study by Ikeda et al [37] showed that the β-phase to α’’ martensitic transformation 

was suppressed by an addition of 3 at % aluminium in Ti-11 at % Molybdenum alloys 

quenched from the β-phase. The transformation suppression is caused by lattice 

distortion in the  β-phase, the addition of aluminium  increases the resistance for lattice 

displacement of the martensitic transformation [81][82].  

Figure 21: Illustration of the martensitic transformation mechanism [68] 
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The β-phase to α’’ martensitic transformation can also be suppressed by the addition 

of oxygen as this is also an α-phase stabilising element. Tahara et al [83] investigated 

the α-phase martensitic transformation in Ti-20-at% Nb alloy and showed that the 

transformation was suppressed by the addition of 0.7 at % oxygen. The study 

suggested the addition of oxygen to the alloy created a strain field induced by the 

oxygen atoms, resulting in the suppression of the martensitic transformation.  

 

Salloom et al [84] investigated the effect of oxygen on phase stability and β-phase to 

α’’ martensitic transformation in Ti-Nb alloys. The study showed that the oxygen atoms 

created significant lattice distortions occupying octahedral interstitial sites. The oxygen 

interstitials oppose the atomic reshuffle required for martensitic transformation but also 

stabilise the β-phase by inducing local elastic shear strains at low oxygen 

concentrations of 1 at %. The cancelling of the fields stabilises the β-phase and 

suppress the β-phase to α’’ martensitic transformation and consequently decrease the 

martensitic start temperature (Ms). The study concluded that an increase in oxygen 

concentration increases the stabilisation of the β-phase.  

 

2.5 Ti-6Al-4V alloy 
 

Ti-6Al-4V is a combination of α-phase and β-phase stabilising elements, ranging 5.5-

6.75 wt % aluminium (Al) as the α-phase stabiliser and 3.5-4.5 wt % vanadium (V) as 

the β-phase stabilising element. These α+β-phase stabilising elements increase the 

β–transus temperature from 882oC (pure titanium) to 995 oC and allow both phases to 

be present at room temperature.  

 

Ti-6Al-4V is the most popular titanium alloy used throughout industry and accounts for 

more than half of all industrial titanium applications [85][86]. The aerospace industry 

utilises Ti-6Al-4V extensively for gas turbine engine fan blades and airframe structures 

due to the high strength to weight ratio and ability to tailor its mechanical properties 

for high temperature applications. However, other industries such as marine and 

biomedical have increased their usage of Ti-6Al-4V due to the excellent corrosion 

resistance, high tensile strength and excellent biocompatibility.  
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2.5.1 Microstructure of conventional Ti-6Al-4V 
 

The microstructure of Ti-6Al-4V is highly dependent upon its thermal processing 

history. Thermomechanical processing allows the mechanical properties to be tailored 

according to the specific end use application. The resultant microstructures are 

categorised as lamellar, bi-modal and equiaxial.  

 

The process of annealing the alloy above the β–transus temperature produces 

recrystallisation of beta grains resulting in lamellar microstructures. If lamellar 

microstructures are required for a given end use application, industrial processes beta 

anneal Ti-6Al-4V to produce beta recrystallisation, however the recrystalised 

microstructure produced highly depends on the cooling rate. As shown in Figure 22, If 

the cooling rate is slow from above the β–transus temperature, alpha plates nucleate 

at the β-phase grain boundaries. The alpha plates grow into the beta phase grain 

parallel to α-phase plane {1100} and β-phase plane {112}. This alpha plate growth will 

continue in this direction until other colonies of alpha plates are met that have also 

nucleated from the beta grain boundary.  However, when the cooling rate is increased, 

an acicular α-phase forms whereby the lamella size and thickness decreases. If the 

cooling rate is >1000oC.min-1, a martensitic reaction occurs from the β-phase 

decomposition, dependent upon the temperature the Ti-6Al-4V is being quenched 

from, alpha prime, α’ (CPH) or alpha double prime, α’’ (orthorhombic) forms resulting 

in a decrease in material ductility [87][4].  
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The formation of bimodal microstructures is a multi-step process. The Ti-6Al-4V alloy 

is homogenised above the β–transus temperature and then cooled to room 

temperature. The width of the α-phase lamellae and thus the primary alpha size (αp) 

is dependent upon the cooling rate from the homogenisation temperature. The 

lamellae are then plastically deformed within the α+β phase region in order to 

introduce dislocations and aid recrystallisation of α+β phases. The volume fraction of 

the isolated equiaxed primary alpha (αp) that forms at the triple points of β grains is 

dependent upon the temperature of recrystallisation. The formation of the primary 

alpha (αp) in this way produces an α+β lamellar microstructure whereby the α grains 

are isolated [88][4].  

 

A similar thermomechanical process is involved in the formation of equiaxed 

microstructure, however, equiaxed microstructures can be obtained via two different 

processes. The first process promotes the growth of the alpha grains instead of the 

alpha lamellae within the beta grain by utilising a low cooling rate at recrystallisation. 

Whereas the second process utilises a low recrystallisation temperature to achieve 

equilibrium volume fraction of the α-phase forming from deformed lamella 

microstructures. In the case of Ti-6Al-4V alloys, the recrystallisation temperature 

utilised for this process ranges between 800-850oC.  

 

Figure 22: Adapted from Donachie, Schematic of Ti-6Al-4V microstructure development with 
a slow cooling rate. 



 66 

The addition of alloys and thermomechanical processing can significantly change the 

mechanical properties and microstructure of titanium alloys to optimise for a given 

application. However, unwanted interstitial elements can diffuse into the titanium 

during the process, therefore these processes are usually conducted under inert 

atmospheres or a vacuum to prevent pickup from elements such as oxygen and 

nitrogen. In selective laser melting (SLM), the inert gas atmosphere (Argon) still has 

residual oxygen and nitrogen present within the build chamber, along with the very 

high surface area of the powder, and consequently the titanium alloys pick up oxygen 

and nitrogen during the process altering the mechanical properties of the final build 

fairly easily. The next section investigates the effect of interstitial elements have on 

titanium alloys and impact they have on the mechanical properties of finished 

components. 

 

2.5.2 Microstructure of Ti-6Al-4V processed by SLM 
 

During the SLM process, the powder layer is melted rapidly by the focused laser beam 

which bonds the present layer with the subsequent layer. As the subsequent layers 

are melted, the previously melted layers undergo repeated thermal cycles of cooling 

and reheating. By comparison with conventional thermomechanical processes, SLM 

exhibits large thermal gradients (106K/m), rapid cooling and solidification rates 

(108K/s).  

 

Due to the rapid cooling and solidification conditions, Ti-6Al-4V (bcc β-phase) 

processed using SLM produces a metastable hcp α’ martensitic phase, through a 

shear type transformation process which is diffusionless. Consequently, the 

microstructure produced consists of fine α’ martensite within columnar prior β grains 

which favour intergranular failure degrading the alloys ductility [89][90]. The fine α’ 

martensitic structures also hinder dislocation movement resulting in further reduced 

ductility. It is also important to note that the α’ martensite produced using SLM is 

noticeably different from that of conventional processing methods [91].  

 

The microstructures tend to have a fine basketweave contained within large elongated 

β grains that extend across multiple build layers in the direction of the temperature 
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gradient (heat flux) because of repeated epitaxial growth of previously deposited 

titanium [92]. During the SLM process, the molten pool solidifies via transformation 

into the β phase when it cools down to solidus temperature followed by the formation 

of α' phases within the prior β grains. This is due to high cooling rates as the 

temperature falls to the Ms which has been reported to be 104-106 oC s-1  [16][93].   

 

2.5.3 Prior β columnar grains  
 

The large β grains are formed due to the solidification conditions combined with the 

phase relationship of the titanium alloy being processed. The laser melts the deposited 

powder layer and some of the substrate beneath it, raising the temperature of a small 

portion of substrate material to above the β-transus which transforms it to a cubic β-

phase. The β-phase returns to the orientation prior to the transformation because of 

regrowth of the residual β retained between laths. As the laser moves along the scan 

path, the molten materials rapidly cools and solidifies, the low solute portioning in 

titanium combined with large thermal gradients in the melt pool result in insufficient 

super cooling of the solidification front and thus, no nucleation ahead of the growth 

front occurs [93]. The solidification of the molten material occurs epitaxially on to the 

β grain at the fusion boundary, therefore continuing the grain. This process is repeated 

for each powder layer deposited in SLM and as no nucleation occurs ahead of the 

solidification front, the columnar β structure forms across many powder layers [94]. 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 23: A) optical micrograph showing microstructure of as-built SLM Ti-6Al-4V lateral plane 
with the dominant prior b grain growth direction B) optical micrograph showing microstructure 
of stress relieved SLM Ti-6Al-4V lateral plane. [72] 
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The morphology of the β prior columnar grains in SLM Ti-6Al-4V can be seen in Figure 

23 and produces continuous multi layered structures which are much higher than layer 

thickness with reported size varying between 0.2 to 4mm in width and 1 to 20mm in 

length [31][95][96][90].  

 

Microstructure plays a crucial role in governing the material properties of a part built 

by SLM. Therefore, numerous studies have investigated the built part microstructure 

of titanium processed by SLM. Thijs et al [16] studied the impact scanning strategy 

and process parameters had on the microstructure in SLM  and reported that the as-

built parts displayed a microstructure with fine acicular α’ precipitates in the columnar 

original β grains and the average width of the β grains is directly associated with the 

scan track width. However, Simonelli et al [97] disagreed suggesting that the average 

columnar grain width is equal to the hatch distance.  

 

Simonelli et al [98] processed Ti-6Al-4V using SLM into cubic blocks in order to 

analyse the microstructure of the SLM built part compared to wrought. The study 

concluded that the microstructure from the SLM part produced fine martensitic and 

secondary alpha phase, orientated columnar grains, periodic band structures and flat 

defects. L Wang et al [99] studied the microstructure of TI-6Al-4V using optimised 

process parameters and found that the SLM built part featured anisotropy between the 

X-Z section and X-Y section. The X-Z section featured a columnar microstructure, and 

the X-Y section featured an equal axis microstructure due to epitaxial growth.  

 

Similarly, Facchini et al, Thijs et al [16] and Gong et al [100] all-reported similar findings 

with regards to the microstructure of titanium processed by SLM using the same 

process parameters; layer thickness of 60µm, focal offset distance of 2mm and energy 

density of 50.62 J/mm3 concluding that the printing parameters were key to achieving 

such microstructure. However, Xu et al [101] reported a ultrafine lamellar α + β 

structure in the as built part without having noticeable grain coarsening.  
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2.5.4 α'-martensite grains  
 

The large thermal gradients coupled with fast cooling rates in the SLM process 

produce α'-martensite grains. At room temperature, the α'-martensite phase 

dominates the SLM as-built Ti-6Al-4V microstructure producing fine needle-shaped 

grains embedded within prior columnar β grains.  

 

Yang et al [102] suggested that α'-martensite has a hierarchal structure and is 

composed of four martensite’s; primary, secondary, tertiary and quartic α'-martensite’s 

as shown in Figure 24. The morphology of these martensite’s can be controlled by the 

processing parameters in the SLM process resulting in sizes of 1-3µm for primary and 

secondary α' and up to 20nm for quartic α'.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Do et al [103] suggested that the grain size of the α'-martensite increases with the 

increase in laser energy input because the increasing energy density contributes to a 

slower cooling rate and thus a higher α'-martensite grain morphology is produced. The 

thermal conductivity of Ti-6Al-4V at room temperature is very low and therefore the 

heat produced from subsequent layers amasses in the built part. The amount of heat 

in the built part increases with the number of build layers which results in higher 

Figure 24: SEM micrograph of SLM built Ti-6Al-4V microstructure showing primary, secondary, 
tertiary and quartic structure [61] 
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temperatures and consequently a lower cooling rate, in particular towards the centre 

of the built part resulting in coarse grains [104].  

 

A study by Borisov et al [105] showed that Ti-6Al-4V alloy processed by SLM 

undergoes a significant phase transformation. Heat treatment of the built Ti-6Al-4V 

SLM part, martensitic phase continues to decompose with the formation of α and β 

phases. The study concluded that the microstructure produced of the built SLM parts 

produced needle shaped fine α'-martensite phase and the heat treatment produced 

the formation of free fine α-phase and β-phases at the grain boundaries. The 

mechanical properties of the resulting microstructure prior to heat treatment produced 

high strength but low ductility, limiting their application. However, post heat treatment, 

the samples agreed with ASTM F2924 by strength and ductility [106].  

 

2.5.5 Hardness of Ti-6Al-4V processed by SLM 
 

A recent study by Khoransani et al [107] showed the effect of SLM process parameters 

on hardness, tensile strength and surface quality of Ti-6Al-4V using Taguchi design of 

experiment where 25 samples were manufactured and five repetitions for each were 

printed. The study varied the processing parameters and found that higher laser power 

and lower scanning speed produced higher hardness as the melt pool quality was 

good, resulting in better energy transfer. Lower than optimum hatch spacing resulted 

in an increase in hardness and vice versa, higher than optimum hatch spaces reduced 

the hardness of the part. Additionally, low scan pattern angle produced higher 

hardness due to double remelting of overlap of previous layers.  

 

Ti-6Al-4V processed by SLM produces a range of Vickers hardness which is 

considerably higher than that of conventional Vickers hardness for cast Ti-6Al-4V 

which produce a hardness value of around 200Hv [108]. The reason for the increased 

Vickers hardness values is likely due to the fine martensitic alpha structure which 

impedes movement of dislocations. Thijs et al [16] Investigated the Vickers 

microhardness for Ti-6Al-4V processed by SLM with varying scanning velocities. The 

study reported an average Vickers microhardness of 409 ± 36 Hv for the reference 
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specimen and concluded that the Vickers microhardness values increased as the 

scanning velocity increased.  

 

2.6 Interstitial elements in titanium alloys  
 

2.6.1 Mechanical effects in titanium alloys  
 

Solid solution strengtheners are commonly used within titanium alloys, utilising 

elements such as carbon, nitrogen, and oxygen (also sometimes present as 

impurities), to alter the mechanical properties. This is especially true of commercially 

pure (CP) titanium, the levels present being dependent upon the end use application 

of the material. Commercially pure titanium (CP) is predominately graded by the 

content of oxygen present resulting in increased strength and reduced ductility. Grade 

1 commercially pure titanium (CP) has the lowest quantity of interstitial elements 

present resulting in low strength; thus, this grade is typically used for its excellent 

corrosion resistance. As the concentration of interstitial elements such as oxygen 

increase, the tensile strength increases but resistance to corrosion decreases, thereby 

resulting in end use applications trying to find the optimum trade-off between tensile 

strength and resistance to corrosion.  

 

 

 

 

Table 2: Concentration of interstitial elements in titanium alloy wire [104]. 
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Similarly, the two grades of Ti-6Al-4V alloy are also graded dependent upon the 

concentration of oxygen within the alloy as seen in Table 2. [109] Grade 5 alloy has a 

maximum oxygen concentration of 0.2 wt % and is most commonly used in 

applications for the aerospace and oil industry, due to the excellent mechanical 

properties such as fatigue resistance, low thermal expansion and high strength to 

weight ratio. Whereas grade 23 has a maximum oxygen concentration of 0.13 wt % 

and is generally used in applications such the medical industry and military aerospace 

due its high damage tolerance and excellent biocompatibility, however, the cost of 

grade 23 is typically higher than grade 5.  

 

The effect on mechanical properties of titanium alloys based on the content of oxygen, 

nitrogen and carbon all differ although they are all α-stabilising elements. A study from 

Finlay and Snyder [110] demonstrated that an increase in interstitial elements in α-

phase titanium alloys resulted in an increase in strength and a decrease in ductility. 

The study concluded that the individual effect of the interstitial elements all differs, with 

the dominant effect being nitrogen, followed by oxygen and then carbon as shown by 

Figure 25. [110] 
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Figure 25: Interstitial element effect on the mechanical properties of α-phase titanium [91] 

 

These conclusions were later validated by Jafee et al [111] suggesting an equivalent 

oxygen concentration relationship indicating the overall effect on mechanical 

properties of a commercially pure titanium alloy from combined interstitial elements as 

shown in Equation 14. 
 

 

 [𝑂𝑂]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑂𝑂 + 2𝑁𝑁 +
2
3
𝐶𝐶 (14) 

 

 

However, the effect of the interstitial element oxygen on Ti-6Al-4V was studied by Oh 

et al [112] suggesting that oxygen had a limited effect on the Ti-6Al-4V alloy by 
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comparison with commercially pure titanium (CP). Figure 26a suggests that difference 

in gradients between commercially pure titanium and Ti-6Al-4V for ultimate tensile 

strength (UTS) with respect to oxygen concentration are very similar with no significant 

change. However, comparison between elongation and Vickers hardness between the 

two alloys shows a significant change in gradient displaying at an oxygen 

concentration of 3000ppm, a difference of 100 Hv in Vickers hardness and a difference 

of 4% elongation. This evidence comparison suggests that the addition of alloying 

elements aluminium and vanadium changes the effect of oxygen concentration on 

mechanical properties.  
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Furthermore, the lattice parameter ratio (c/α) increased as the oxygen concentration 

increased shown by Figure 26b, the rate of change between this relationship Is 

dependent upon the alloy. Oxygen and nitrogen elements occupy the octahedral 

interstices in close pack hexagonal (CPH) alloys as shown in Figure 27, an increase 

in their respective concentration in a material results in an increase in c/α ratio. 

Changes in the c/a ratio due to interstitial element concentration is considered to 

change the material mechanical properties.  An increase in the c/α ratio due to 

increased lattice strain reduces the number of slip planes resulting in increased 

strength and hardness in the hexagonal close packed structure (HCP) [113][112].  

 

 

Figure 26: Comparison of commercially pure titanium alloy and Ti-6Al-4V on the relationship of oxygen concentration on a) 
ultimate tensile strength (UTS), b) Lattice parameters (c/a ratio), c) Vickers hardness (H) and d) elongation (%) [96] 
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Oxygen and nitrogen have substantial effects on the lattice parameters and thus 

impact on the mechanical properties within hexagonal close packed (HCP) titanium 

alloys. Therefore, the control of interstitial elements during production is essential in 

order to minimise the lattice strain and change to mechanical properties, although 

nitrogen has the dominant effect, oxygen must be controlled due to the high solubility 

it has within titanium alloys.  

 

2.6.2 Solubility of oxygen in titanium  
 
The solubility limit of oxygen in titanium is 32 at % in the alpha phase as titanium has 

the highest solubility of oxygen in the periodic table. The properties of oxygen in the 

interaction with titanium can be explained by the large number of unfilled shells which 

form the basis for the formation of a wide range of interstitial solid solutions alongside 

transformations to form suboxides. Many studies have shown the presence of three 

suboxides of titanium in the Ti-O system: Ti2O, Ti3O and Ti6O. The formation of Ti2O 

and Ti3O occur during solidification and Ti6O is a precipitate from the alpha solid 

Figure 27: Schematic of close packed hexagonal (CPH) crystal structure with octahedral 
interstitial sites present. 



 77 

solution of oxygen in titanium, all three suboxides have a HCP lattice of alpha titanium 

with an ordered structure [114].  

 

When titanium is exposed to elevated temperatures (>400°C), the oxidation reaction 

forms oxide and inward diffusion of oxygen towards the titanium core. The result of the 

oxygen diffusion is an oxygen enriched layer below the oxide scale which is commonly 

known as the oxygen diffusion layer or alpha-case layer. The high solubility of oxygen 

in alpha titanium and the stabilising effect of the oxygen on the HCP crystal structure 

of alpha titanium allows the oxygen diffusion to occur resulting in a hard, continuous 

brittle layer that can significantly alter the mechanical properties of the material. 

Wagner’s model [115] shows the oxygen concentration profile of oxidised titanium as 

shown by Figure 28.  

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

The oxygen concentration profile shown in Figure 28 consists of two individual 

concentration profiles: one for the oxygen diffusion layer and one for the oxide (TiO2). 

In the case of Wagner’s model, they both have specific thicknesses, oxygen diffusion 

layer has thickness x and the oxide has thickness z. The oxygen diffusion layer has a 

Figure 28: Illustration of oxygen concentration profile in oxidised titanium from 
Wagner's model. [101] 
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large oxygen solubility range, the highest oxygen concentration is at point Csl which 

can be considered to be the oxide/metal interface and the lowest oxygen concentration 

is Cso, this is where the oxygen content reaches the bulk core titanium matrix oxygen 

concentration. However, the solubility of oxygen in the oxide scale can be considered 

to be linear as the oxygen solubility is limited as it can be seen that the oxygen 

concentration in the core titanium matrix decreases gradually. The concentration of 

oxygen in the oxide/metal interface (Csl) depends upon the exposure time and 

temperature and has a maximum solubility limit of 14.3 wt % in alpha titanium. Gaddam 

et al reported similar oxygen concentration profiles for Ti-6Al-4V using microhardness 

testing [116] and EPMA analysis [117].  

 

2.6.3 Oxygen and nitrogen diffusion through titanium  
 
As mentioned in 2.5.1, the presence of interstitial elements such as oxygen, nitrogen 

and carbon in solid solution titanium alloys can negatively alter the mechanical 

properties if not controlled. The manufacturing process is accredited with the majority 

of the interstitial element pickup and in some cases, the formation of α -case in finished 

products. In order to control the interstitial elements during manufacturing, the process 

environments are under vacuum or inert gas atmosphere such as argon.  

 

The formation of α-case is a well-studied field of metallurgy due to the largely negative 

impact of the mechanical properties and brittle phase formation in a finished 

component. The formation of α-case occurs as thick and coherent α-phase surface 

layers enriched with interstitial elements. The prevention and removal of α-case has 

become an important process to titanium manufactures to avoid problematic 

properties in finished titanium components. 
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Figure 29 illustrates the relationship between temperature and diffusivity of oxygen 

and nitrogen between α-phase and β-phase. Diffusivity increases significantly in the 

β-phase due to the crystal structure change because interstitial elements diffuse more 

readily through body centred cubic (BCC) compared to hexagonal close packed 

(HCP). The diffusivity gradient of oxygen is greater than nitrogen as shown in Figure 

29, due to the effect of atomic radii and solubility saturation of the element within the 

titanium matrix [118]. The diffusivity of metallic elements increases as the atomic radii 

decreases, this relationship can be applied to non-metallic elements such as oxygen 

(60pm) and nitrogen (65pm). However, there are some exceptions such as carbon 

(70pm) as the diffusivity gradient is faster than oxygen but has a larger radius (10pm 

bigger) [119].  

 

The Arrhenius equation describes how the diffusion coefficient changes with 

temperature through the relationship of the dominate reaction kinetics with rate of 

diffusion as shown in Equation 15. 

 

Figure 29: Diffusivity of oxygen and nitrogen against temperature in titanium. 
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 𝐷𝐷 = 𝐷𝐷0𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝑄𝑄
𝑅𝑅𝑅𝑅

� (15) 

 

 

Where D is the coefficient of diffusion, 𝐷𝐷0 is an independent temperature coefficient, 

Q is diffusion activation energy, R is molar gas constant and T is absolute temperature. 

Fick’s second law analyses the interstitial element concentration gradient assuming a 

semi-infinite solid with non-steady state diffusion shown in Equation 16.  

 

It is important to note, if there are more than two elements then this is an 

approximation, it is possible that if more than two elements are present, then an 

element can diffuse up its own concentration gradient under the influence of the other 

solute atoms. A common example of this can be seen in super alloys where the 

concentration gradient of one element effects the movement of the other. In these 

cases, concentration should be replaced by activity.  

 

 

 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

= 𝐷𝐷
𝛿𝛿2𝐶𝐶
𝛿𝛿𝛿𝛿2

 (16) 

 

 

Solving for a 1-D semi-infinite plane results in Equation 18, 

 

 

 
𝐶𝐶𝑥𝑥 − 𝐶𝐶𝑖𝑖
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= 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑥𝑥

2√𝐷𝐷𝐷𝐷
� (17) 

 

 

Where 𝐶𝐶𝑥𝑥 is the concentration, x is distance, 𝐶𝐶𝑖𝑖 is the initial concentration, 𝐶𝐶0 is the 

final concentration, D is diffusion, erf is the error function and t is time. Diffusion 

coefficients can be compared for α-phase and β-phase titanium with the solution to 

Equation 16 as previously illustrated in Figure 29.  
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It is important to note that the error function is a standard error derived from a statistical 

table and is not directly linked to diffusion. The equation uses a standard set of 

statistical tables that are related to normal distributions, not because there is an ‘error’.  

However, concentration gradients in titanium are commonly produced via two 

experimental methods: low temperature, internal friction method and high temperature 

oxidation in a controlled atmosphere. The first method is dependent upon interstitial 

solute atom movement to minimise local strain energy when a uni-directional stress is 

applied on a sample. Therefore, the measurement of the diffusivity of oxygen can 

occur under oscillating stress conditions by measuring jump distance and frequency. 

This relationship is shown in Equation 18. 

 

 

 𝐷𝐷 =
𝛤𝛤𝑥𝑥2

6
 (18) 

 

 

Where D is temperature of diffusion, 𝛤𝛤 is jump frequency and x is jump distance. 

Whereas the second method produces an oxygen concentration gradient in the metal 

substrate through the use of an oxide scale. However, the oxidation method is limited 

due to surface oxide formation such as rutile (TiO2) and non-stoichiometric oxides 

such as Ti2O3, limiting the accuracy of measurements. 

 

The effect of interstitial element diffusion in titanium alloys has driven numerous 

techniques to determine activation energy and diffusivity coefficients in α-phase and 

β-phase titanium alloys at elevated temperatures. However, although different 

methods have highlighted different factors for diffusion, each method has accuracy 

limitations resulting in numerous diffusion coefficients creating uncertainty. That being 

said, further research into diffusion mechanisms will minimise the risks caused by 

uncertainty in the accuracy of the diffusion coefficient and allow the exploitation of 

interstitial elements to further enhance titanium alloy mechanical properties.  
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 2.7 Atomisation  
 

SLM utilises metallic powder feedstock in order to construct three-dimensional (3-D) 

geometries using a laser to melt powder in a layer-by-layer process. Process 

parameters are optimised based upon the metallic material being processed to avoid 

problematic defects such as lack of fusion, porosity and more. High end component 

manufacture such as the load critical parts for the aerospace industry require a high 

level of build integrity and repeatability in the process. Apart from controlling machine 

process parameters, the initial powder feedstock is an essential controllable in order 

to ensure good final build quality and repeatability of final component manufacture. 

Due to the high influence of powder feedstock quality on the final build properties, the 

AM process is highly dependent upon the quality of the upstream processes such as 

powder manufacture, powder handling and transport.  SLM uses spherical powder 

particles due to the good flowability properties to form a uniform powder bed. A 

variation in PSD will lead to variation in distribution and packing density of powder 

beds which are essential characteristics to influence heat distribution and component 

density. There are many key characteristics that effect powder quality and are 

essential for powder suppliers to control in order to meet mandatory requirements for 

SLM such as: 

 

• Particle size / Size Distribution 

• Flowability 

• Reflectivity/absorptivity  

• Thermal conductivity  

• Oxidation 

• Humidity, hydrogen 

• Morphology  

 

Metal powder is generally manufactured using four different methods: chemically, 

electrolysis, mechanically or atomisation. Metallic powders for AM are largely 

manufactured via atomisation in an inert gas atmosphere due to superior quality of 

powder produced. High energy gas flows atomise liquid molten metal, upon impact, 

resulting in spherical droplets which rapidly cool in the inert atmosphere. The spherical 
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particles are then sorted via particle size in order to meet different AM powder 

application requirements. Packaging of the metal powder slightly varies dependent 

upon the reactivity of the material, if the material is highly reactive such as titanium 

alloys, aluminium alloys and more, the material are packaged in an inert atmosphere 

to reduce the risk of interstitial impurities from altering mechanical properties of the 

powder. Atomisation of metallic powder processes can be categorised based on the 

method used to melt the feedstock material and the choice of nozzle used (geometry 

and type) [120]. Figure 30 shows the four different processes used to melt material for 

atomisation. It is worth noting that there are other methods are also used for AM 

powder production such as Plasma Rotating Electrode Process (PREP), centrifugal 

atomisation and plasma spheroidization, however, the material used throughout this 

project are manufactured for AM via EIGA.  

 

 

There are three different nozzles commonly used throughout the different atomisation 

processes as shown in Figure 30: 

 

• Free fall nozzle 

• Closed coupled nozzle 

• De Laval nozzle  

 

The free fall nozzle utilises gravitational forces to pull the melt flow into the atomisation 

chamber for atomisation to occur. The particle diameter produced are usually large 

(>50µm) due the limited flow rate, the particle size produced from this nozzle type does 

not meet AM requirements for PSD of 15-45 µm [120]. Closed coupled nozzle utilise 

a turbulent flow of the atomisation gas to pull the molten flow into the atomisation 

Figure 30: Different methods of melting material for gas atomisation 
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chamber. The flow can be adjusted by the altering the gas flow velocity, which in 

comparison to free flow nozzles, this nozzle type has high flow rates and thus produces 

small particle diameters as small as 10µm. The De Laval nozzle utilises a laminar flow 

of the atomisation gas and is accelerated to supersonic speeds resulting in narrow 

PSD in the range of 15-45µm [121]. This nozzle is favoured by AM powder 

manufacturers as it produces powder within the PSD requirements for AM and utilises 

less gas compared to closed coupled nozzles.  

 

 

2.7.1 Plasma atomisation  
 

Plasma atomisation production utilises a pre-alloyed wire which is melted via plasma 

torches as shown in Figure 32. [122] The material is directly atomised via the heat and 

kinetic energy of the plasma. The molten material melts into droplets that rapidly cool 

and solidify whilst falling in the inert atmosphere forming highly spherical morphology 

and PSD of 5-250 µm. The plasma atomisation process produces powders with low 

levels of interstitial impurities such as oxygen and nitrogen which is essential for 

materials such as titanium which has a high solubility to oxygen. However, in 

comparison to EIGA, plasma atomisation is expensive and, in some case, not cost 

effective as the wire feedstock which is an expensive material option which does not 

offer any cost advantage if up scaled.  

Figure 31: Types of nozzle used in gas atomisation 
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2.7.2 Electrode inert gas atomisation (EIGA) 
 

Electrode inert gas atomisation (EIGA) melts metal bar feedstock via an induction 

heated rod allowing the molten metal to drop into the atomisation nozzle without 

contact from surrounding components as shown by Figure 33. This reduced contact 

combined with the absence of a crucible reduces contamination of the atomised 

powder. However, contamination can occur from previously atomised material if the 

atomiser isn’t locked down to produce a single material. This process produces PSD 

of 0-500µm with a good morphology similar to that of plasma atomisation. EIGA is 

utilised for high end materials such as titanium alloys as it a clean, reducing the risk of 

contamination and impurities which are essential for high end applications for 

industries such as aerospace and medical. The process is considered to relatively 

cheap in comparison to other powder production processes and is used for small 

production batches.   

Figure 32: Schematic of plasma atomisation process 



 86 

Figure 33: Schematic of EIGA process 
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2.8 Powder degradation in SLM  
 

2.8.1 Powder requirements  
 

Throughout SLM there are over 50 different parameters that can be optimised to 

achieve the desired properties in the final build such as microstructure and mechanical 

behaviour. However, a key requirement of repeatability is the quality of the powder 

feedstock. In SLM, usual PSD of powder feedstock is 15-45µm which must meet 

specific requirements of chemical composition, flowability to spread the powder across 

the build platform. There are various techniques to quantify these requirements such 

as the LECO method (bulk powder vaporisation for chemical composition), SEM 

(Morphology), laser size diffraction (size), Hall flow funnel (flowability of powder) and 

more. In high end applications such as aerospace, medical and structural load 

components, further requirements need to be met such as the feedstock must be free 

from any foreign particulate contamination such as cross contamination (exogenous) 

and elemental contamination (oxidation). A study by Gatto et al [123] suggested that 

the mechanical properties were detrimentally affected by cross contamination for 

maraging steel and metal oxides.  

 

2.8.2 Gas quality   
 

The SLM process is always performed in an inert gas atmosphere in order to reduce 

the risk of interaction between metallic powder particles and impurities such as 

interstitial elements, humidity and in the case of highly reactive metals, reduce the risk 

of ignition. The interaction between impurities and powder particles can lead to 

changes in localised chemical composition, thus changing the mechanical properties 

of final builds and increasing the risk of brittle phase formation, crack propagation and 

more.  

 

The most common inert gases used to purge the build chamber in SLM are argon (Ar) 

and nitrogen (N). However, dependent upon the material being processed, nitrogen is 

not always a viable option as the inert gas due to the formation of nitrides in highly 
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reactive materials, therefore in these cases argon is used. A study by Pauzon et al 

[124] studied the effect of a combined inert atmosphere of argon and helium in order 

to process Ti-6Al-4V. This study shown that the build rate increased by up to 40% 

alongside an improved material cooling rate suggesting that combined inert gases may 

off superior gas quality in comparison to singular inert gases in the build process. 

However, more research is needed to understand the effect such combined inert 

gases have on other materials prior to wide scale adoption.  

 

Furthermore, gas flow plays another key role of removing by-products ejected by the 

melt pool ensuring they are captured by the outlet filter. Thus, reiterating the 

importance of a continuous gas flow, if the gas flow is not effective in the removal of 

by-products, the risk of laser attenuation is increased due to the partial absorption of 

laser energy in the newly formed vapor plume from powder laser interaction. 

Grünberger and Domröse [125] studied these effects and found that a good quality, 

continuous gas flow was essential in order to avoid the occurrence of laser attenuation 

as the investigation discovered that areas with low velocity gas flow in the build 

chamber there was increased beam scattering. Thus, the study concluded that gas 

flow was a crucial parameter in order to reduce the presence of by-products and 

defects within built parts in the SLM process.  

 

2.8.3 Marangoni effect  
 

The Marangoni effect is a mass transfer phenomenon where a fluid from a low surface 

tension region is transferred to a region with higher surface tension [126]. In terms of 

SLM, the Marangoni flow of molten material is driven by the melt pool surface tension 

gradient (dy/dT) as shown in Figure 34. The sign of the gradient determines the 

direction of the fluid flow. A positive surface tension gradient results in a radial inward 

flow leading to a narrower and deeper melt pool, however, a negative surface tension 

gradient results in a radial outward flow producing a shallow and wider melt pool [127].  

The difference in surface tension is normally due to the temperature gradient but is 

also affected by composition. 
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A study by Kidess et al [128] processing stainless steel using laser welding showed 

that the melt pool fluid flow is dominated by the Marangoni convection effect caused 

by the surface tension gradient despite many other physical phenomena acting on the 

fluid in the melt pool such as recoil pressure, buoyancy and the Lorentz force.  

 

The surface tension gradient is dependent upon both the temperature and 

composition. A study by Keene et al [129] investigated the variation of the surface 

tension with temperature during TIG welding of two stainless steels with different 

sulphur concentrations (13ppm and 152ppm respectively). The study found that steel 

with the lower sulphur concentration resulted in a negative surface tension gradient as 

the surface tension decreased as the temperature increased. In contrast the steel with 

the higher sulphur concentration showed a positive surface tension gradient as the 

surface tension increased as the temperature increased.  

 

A recent study by Le et al [130] found that the sulphur level of SS316 metal powder 

was critical in governing the fluid flow behaviour of the molten melt pool, a higher 

sulphur content changes from an outward radial direction to an inward radial direction 

resulting in a deep and narrow melt pool. Additionally, the study concluded that the 

Figure 34: a) Negative surface tension outward flow b) Positive surface tension 
inward flow [112] 
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presence of inverse Marangoni flow inside the melt pool sweeps the gas bubbles away 

from the solidification front resulting in lower porosity of the scanning track  

 

2.8.4 Denudation  
 

Denudation is a phenomenon defined as the formation of clearing zones around a 

single laser track. The surface tension forces present within the melt pool spread the 

molten material and surrounding powder particles in the powder bed forming tracks 

with a larger width that the laser beam [131]. The large thermal gradients created by 

temperature difference between surface regions of the melt pool generate Marangoni 

flow. The Marangoni flow and vapor recoil momentum dominate the transition region 

resulting in denudation as the combined phenomenon pulls in adjacent powder 

particles to the melt pool.  

 

The effect of denudation is highly dependent upon process parameters such as power 

and speed alongside gas flow velocity. A study by Mathews et al [131] showed the 

relationship between the Knudsen number, size of denudation area and laser scan 

track height. The Knudsen number, Kn, is defined as the ratio of length scale of the 

system to the mean free path of gas molecules. It was shown that when Kn <1, powder 

particles are ejected in an upwards direction or pulled into the melt pool whereas when 

the Kn >1, the vapor plume will expand and force the particles outward from the melt 

pool as shown in Figure 35.  

 

 

Figure 35: schematic of high- and low-pressure interactions between laser beam and powder bed. 
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Process parameters can generate keyholes in SLM through the formation of humping 

(undulation of track profile). Increased scan speed and laser power produces a thin 

melt pool, resulting in a common laser welding phenomenon called humping. Humping 

phenomenon is considered an instability by product of process parameters as it results 

in vertical deformation of the melt pool close to the laser interaction with the powder. 

However, a dynamic melt pool is formed by the Marangoni convection where the size 

between powder particles and laser spot. The Marangoni convection is dominated by 

vapour recoil and variation in absorptivity. Denudation is dominated by process 

parameters within the SLM process and as both physical phenomena of Marangoni 

flow and recoil pressure display the same characteristic in single track scans shown 

by Matthews et al [131], thus, conclusions made on single track scans can be extended 

to the total powder bed in the SLM process.  

 

2.8.5 Heat affected zone (HAZ) powder 
 

Throughout the SLM process, a common phenomenon is the ejection of bright 

particles away from the melt pool and laser interaction zone. The melt pool 

experiences high thermal gradients and superheat from the laser interaction with the 

powder resulting in a material ejection and vaporisation. Although vapor recoil 

pressure and Marangoni flow are the dominant mechanisms for denudation as 

previously mentioned, Ly et al [132] suggested that formation of particle ejection from 

the melt pool is driven by a vapor entrainment of micro particles. In order to avoid 

localised difference in chemical composition due to redeposition of ejected particles 

within the powder bed, in-situ monitoring of the vapor plume must be a top priority to 

ensure final build quality as SLM utilises varying high temperatures and rapid cooling 

rates to process material.  

 

Heat effected zone powder can be divided into two categories based on the metallic 

powder interaction with the laser: hot ejections and cold ejections. Hot ejections are 

defined as the particles that are entrained by the vapor plume and are ejected as 

incandescent particles from the interaction with the heat source. Whereas as the cold 

ejections are still entrained by the vapor plume but are ejected in an upwards direction 
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contrary to the laser scan direction, these particles are not properly heat by the laser 

interaction when high scan speed are utilised in the build process.  

 

Significant differences in thermal conductivity of bulk alloys and pre-alloyed powders 

lead to superheat in the melt pool which exceeds the melting temperature of the alloy 

resulting in evaporation of the metallic powder. As the evaporation expands, recoil 

pressure in the melt pool is increased resulting in the emission of hot ejections. The 

ejections all originate from the laser interaction zone and the angle at which the 

ejection leaves are dependent upon vapor pressure and melt pool geometry. The use 

of high-power laser parameters significantly influences the expansion of the 

evaporation and formation of a depression in the melt pool and additional vapor plume. 

Optimising process parameters is essential in order to control the formation and 

orientation of the vapor plume to reduce the chances of problems with the final built 

component. L. Criales et al [133] demonstrated via in-situ thermal imaging that 

between 20-35% of total processing area along a single-track produced spatter 

ejected particles resulting in significant losses in material and heat.  

 

2.8.6 Spatter  
 

Ejected Spatter particle formation is known to originate from the melt pool area and 

the interaction zone of the laser and powder bed. The formation of spatter can 

significantly impact the properties of built components and also generate sub surface 

defects as spatter particles are difficult to remove via post processing procedures due 

to their varied size, shape and ability to distinguish them. Spatter particles that are 

larger than the layer thickness in the build process pose a large risk for lack of fusion 

defects as the process parameters may not be sufficient to melt them, thus remaining 

un-sintered across build layers. Additionally, the presence of large spatter particles 

across build layers lead to problems with the re-coating and spreading of the above 

layer for the next melting cycle. The generation of spatter occurs from the melt pool 

where surface tension forces produce particles with non-uniform chemical composition 

and various shapes. A study by Sutton et al [134] categorised spatter formation based 

on morphology: 

 



 93 

• Spherical: ejected molten particle rapidly cools and solidifies during flight 

through inert atmosphere without collision with other particles.  

• Aggregates: ejected particles collide with another neighbouring spatter in flight 

and/or after contacting the metallic powder bed.  

• Coarse aggregates: numerous ejected spatter particles collide with each other 

throughout flight.  

 

The low cooling rate of the ejected particles from the melt pool allows surface tension 

forces to shape the molten material creating mostly spherical spatter particles. A study 

by Simonelli et al [135] suggests that the shape of the spatter particle is not dependent 

of the material. Spatter particle size heavily depends on the power input from the laser, 

as the power input increases, so does the size of the spatter particle ranging from 

>100µm diameter coarse to usual PSD range (15-45 µm) [136]. Approximately 90% 

of the ejections from the melt pool are within the PSD of 15-45µm consisting of both 

heat affected zone powder and spatter particles [134]. Therefore, post processing 

operations such as sieving post processed feedstock prior to re-use will not remove 

these particles. The presence of such particles within build layers changes the 

localised chemical composition and promotes further generation of condensate, 

spatter and metal vapor. Studies from several authors [136][137], suggest that if the 

even if process parameters remain constant throughout the build, the quantity of 

spatter produced can vary. This varying generation of spatter particles is accredited to 

the vapor plume partially absorbing and scattering the laser beam.  

 

The ejection of spatter particles can occur at the front and the back of the melt pool 

dependent upon the movement of the laser. The ejection movement at the front of the 

melt pool follows the scan direction of the laser and moves similar to that of a wave. 

However, spatter ejection at the back of the melt pool moves in an opposite direction 

to the laser scan direction. Additionally, the depression formed from the laser 

interaction with the melt pool and the vapor plume influences the elongation and 

breaking of molten material resulting in spatter generation which is then deflected by 

the radiation from the laser into surrounding powder bed. This highlights the variation 

in spatter ejection location and that spatter is generation is not completely dependent 

upon the motion of laser beam. A study by Yin et al [138] shown that only a few spatter 
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particle ejected horizontally with the majority ejecting backwards in the direction of the 

scan. A relationship was established between the location of the generated spatter 

particles and process parameters (scan speed and power).  

 

2.8.7 Condensate  
 

An additional side effect of the melting process caused by metal evaporation is the 

formation of vapor plumes. The continuous gas flow and atmospheric conditions inside 

the build chamber influence the rapid solidification of vaporised material, resulting in 

small condensate particles (<5µm) being distributed around the build chamber. A 

study by Sutton et al [134] shown that the condensate can deposit on the surface of 

spatter particles as well as the surrounding powder bed. Condensate was observed in 

the form of nanoparticles due to the decrease in solubility of the metal vapor during 

cooling, resulting in a supersaturated solution which has high undercooling; thus, 

influencing the formation of nanoparticles. Nanoparticles would not be removed by 

conventional post processing operations such as sieving, It is worth noting that if a 

large amount of condensate is generated and redeposited into the powder bed, the 

surface properties of the powder may change the flowability of the reused powder 

[134][139][140][41].  

 

The need to find a solution to the problem of condensate is prominent as the AM 

industry is transition from rapid prototyping to serial production, however, there is still 

much debate about the methodologies used in different research to reach a common 

solution.  

 

2.8.8 Cross-contamination 
 

Cross contamination occurs in many forms within the AM industry originating from 

feedstock supplied, powder handling when changing over builds/powder, condensate 

contamination from previous builds of different material and many more. The impact 

of contamination within the SLM process is significant as it can change the localised 

materials properties and produce build failures, crack propagation or altered final build 

mechanical properties. These scenarios lead many industries to locking down SLM 
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machines to one material for production in order to reduce the risk of cross-

contamination.  

 

A study by A. Brandão et al [141] investigated the impact cross contamination has on 

SLM built parts using Ti-6Al-4V. It was determined that the main source of cross 

contamination; tungsten (W) originated from two different scenarios. The first was the 

Plasma Rotating Electrode Process (PREP) for powder manufacture, the tungsten 

electrode used for manufacture was wearing out and as it degraded, it contaminated 

the powder batch. Secondly, cross-contamination of the AM machine was concluded 

to be a source as a build using tungsten material was processed in batches previous 

to the Ti-6Al-4V builds. The impact of the tungsten contamination on the build was 

clear as fracture elongation was significantly reduced for contaminated powder batch 

(Lowest fracture elongation value of 2%) compared to a non-contaminated batch 

(lowest elongation value of 8%). However, the strength values across both batches 

remained similar. It is also worth noting, the study concluded that detection of 

contamination was difficult and characterisation methods used for certification were 

insufficient for detection, instead x-rays were used to detect the tungsten leading the 

study to suggest use of one powder type per AM machine for component manufacture.  

 

A later study by Santecchia et al [142] investigated the impact and quantification of 

contamination in SLM suggesting new procedures for identification of contamination. 

The study intentionally contaminated powder samples and compared them to virgin 

samples via energy dispersive x-ray spectroscopy (EDS) and concluded that the cross 

contamination was accurately detected through the comparison of elemental 

quantification of the two samples. The evidence also suggested that the most relevant 

physical property for detection and measuring contamination was the contaminant 

density.  

 

Thus, the numerous studies of contamination all reiterate the importance to control 

powder quality and enable full traceability back to source to identify problematic 

contamination and reduce the risk of reoccurrence. Additionally, the evidence 

suggests that contamination is a problematic variable to identify and control as usual 

certification methods do not detect the presence of contamination, more advanced 

techniques such as EDS is required. However, the cost of using EDS for certification 
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could be high, therefore further research is required into cost effective techniques for 

identifying contamination in certification methodology. 

 

2.9 Chapter Summary  
 

Oxidation theory of titanium is a well-established and researched field with an 

abundance of literature. However, the oxidation of Ti-6Al-4V powder metals and the 

impact oxidised particles have in the SLM is poorly understood, at the time of writing, 

there was no published research on thermal oxidation of Ti-6Al-4V powder metal. 

Therefore, it was necessary to seek theory and understanding on research similar to 

this field, allowing for a holistic consideration for the potential problems for the reuse 

of degraded powder and oxidised particles in the SLM process. Together with a review 

of conventional oxidation theory of titanium alloys combined with the literature 

surrounding powder reuse helped form a full hypothesis for the impact of degraded 

powder as feedstock will have on final build quality.  
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3.0 Experimental methodology  
 
This chapter explains the experimental methodology for the project and the preliminary 

investigations will be discussed. The operation of the SLM system and the sample 

analysis equipment are discussed here. The preliminary investigations focus on 

understanding the powder metal interference colours produced by thermal oxidation 

and correlating the colour to an oxygen wt %.  

 

3.1 Ti-6Al-4V Material  
 

The powder used throughout this project was gas atomised Ti-6Al-4V supplied by 

Carpenter Additive with a size range of 15-45µm. Table 3 shows the ‘as received’ 

elemental weight % of the powder supplied.  

 
Table 3: Elemental weight % of Ti-6Al-4V powder supplied by Carpenter Additive 

Element Titanium 

(Ti) 

Aluminium 

(Al) 

Vanadium 

(V) 

Oxygen 

(O) 

Nitrogen 

(N) 

Hydrogen 

(H) 

Iron 

(Fe) 

Carbon 

(C) 

Weight 

% 

Balance 6.39 3.89 0.091 0.028 0.0019 0.19 0.01 

 

 

Particle size analysis was conducted to confirm the particle size range and obtain 

information with regards to the particle size distribution (PSD). Additionally, SEM 

imaging was utilised to analyse the powder morphology.  
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The particle size distribution was measured using a Malvern ® Mastersizer ® 3000 

utilising the laser size diffraction (LSD) process. A Fraunhofer scatter model was used 

with the assumption that the particle shape was spherical. Dry dispersion was used 

for the powder delivery to reduce the possibility of smaller particles conglomerating 

and being identified as one larger particle. Figure 36 shows the particle size 

distribution for the virgin Ti-6Al-4V powder. A total number of 3 cycles was used for 

the laser size diffraction analysis. The Dv (%) values were as follows: Dv (90) 47.2µm, 

Dv (50) 32.7µm and Dv (10) 22.3µm. Although the powder size range was 15-45µm, 

13.3% of the powder volume consisted of particles >45µm and 0.4% <15µm.  

 

Figure 36: Particle size distribution of Carpenter Additive virgin Ti-6Al-4V powder 
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Figure 37 suggests that there are no particles in the field of view greater than 50µm in 

size with no evidence of distorted particles or agglomerates, given the sample size it 

is likely you would see them. Additionally, the particles all display spherical shapes 

with no evidence of oxide scaling or satellites.  

 

With respect to processing, the volume distribution enables the user to understand 

what percentage of a deposited powder layer consists of particles smaller, or larger, 

than a chosen layer thickness. The SEM micrographs complements the volume 

distribution from a quality control aspect as it allows the user to assess the quality of 

the powder qualitatively.  

 

 

 

 

 

 

 

 

Figure 37: SEM micrograph of VIGA virgin Ti-6Al-4V powder in secondary 
electron imaging mode. 
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3.2 Thermal oxidation of Ti-6Al-4V 
 

3.2.1 The process 
 

The thermal oxidation process was conducted using a Carbolite CSF 1200 air furnace. 

The process used is described below: 

 

1. Heat the furnace to the prescribed temperature.  

2. Prepare powder samples, measure ceramic crucible on weighing scales (+/- 

0.0001g) and zero the crucible. Take a spatula and measure 10g of Ti-6Al-4V 

powder into the crucible. 

3. Once the furnace has reached the prescribed temperature, use the tongs to 

place crucible into the centre of the furnace and close shut (The time it takes to 

place the crucible in the furnace and then shut was measured numerous times 

averaging around 5 seconds). Allow 2 minutes for the box furnace to reach 

prescribed temperature due to temperature fluctuation between furnace and 

room temperature.  

4. Once the furnace has reached the prescribed temperature, start the stopwatch 

for 60 minutes. 

5. When 60 minutes is complete, remove the crucible using the tongs (ensure ends 

of tongs are wrapped in wool to avoid thermal shock and potential shattering of 

the crucible), shut the furnace and place the crucible into a desiccator. Slide the 

desiccator lid shut slowly to ensure a seal and powder dries in dry atmosphere. 

Note: the desiccant used for this project was silica gel.  

6. After 2 hours of cooling inside the desiccator, remove the crucible via the tongs. 

Take a spatula and test the flow ability of the powder by moving the spatula 

through the powder. Note; if any powder has bonded together, this needs to be 

ground in a mortar and pestle to keep the flow ability of the powder.   

7. Use a spatula to place the oxidised Ti-6A4V into test sample vials.  

8. Label each vial with relevant temperature and time exposure. 

9. Repeat steps 1-8 for each new sample.  
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Manufacture of the yellow, blue and green powder utilises steps 1-9, however set the 

desired temperature to 530ºC for yellow, 630ºC for blue powder and 680ºC for green.  

 

It’s important to note, in the case of this project, it was found that up scaling the powder 

batch to larger quantities still produced the bulk interference colour desired, however 

upon further inspection using optical microscopes, the powder particles did not 

produce a uniform colour on the particle level. Therefore, in order to maintain quality 

control and produce powder colour that is uniform at both the bulk level and the particle 

level, 10g batch sizes was used throughout the project to artificially oxidise even when 

larger quantities of powder were needed for the build experiment.  

 

3.3 Analysis techniques  
 

3.3.1 Sample preparation  
 

Throughout the project many different samples were made for different applications. 

A large proportion of the samples made in the latter stages of the project were 

produced using Focused ion beam milling (FIB) in order to create thin nano-meter thick 

lamella samples ready for TEM analysis, this is explained in greater detail in section 

3.5.2. Here sample preparation concerns metallography specimens that were used for 

the remaining analysis throughout the project.  

 

For initial experiments, samples were vertically sectioned using a Buehler Isomet 1000 

wafering saw with a T2- type abrasion cutting blade operating at 1250 RPM. The 

fracture surface was gold coated using an Edwards S150 sputter coater. The gold 

coating gave some protection to the surface features but also allowed any damage to 

the surface when it was sectioned to be identified.  

 

The cross sections were mounted in a thermo-setting phenol-urea based resin called 

Conducto-mount using a hot mounting press in the form of 32mm diameter pucks. The 

Conducto-mount features graphite which allows for conduction of electrons through 

the mounting which negated the application of conductive tape or paint. This allowed 
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for better quality micrograph under the SEM, therefore all samples were mounted in 

Conducto-mount as SEM analysis was always a possibility.  

 

The mounted cross sections were all polished using the following procedure: 

 

Primarily, sequentially finer grades of silicon carbide paper were used for the first 

stage, progressively from 800, 1200, 2500, with water lubrication, on a metallographic 

grinding machine. After this grinding sequence, specimens were cleaned scrupulously 

in aqueous detergent solution and rinsed with distilled water, then ethanol, before 

drying in a stream of hot air, prior to the initial polishing stage. 

 

Initial polishing was achieved, using a Memphis napped synthetic cloth doped with 

1um alumina paste, again with water lubrication, on a carousel-type polishing 

machine, at ~250 RPM. 

 

After cleaning as before, the specimens were finely polished, down to 40nm surface 

integrity, using an Opus colloidal suspension of silica on fresh "Memphis" cloth as 

before, again at ~250 RPM. Specimens were finally cleaned ultrasonically in distilled 

water and detergent, before rinsing with distilled water, then ethanol and drying in a 

stream of hot air.   

 

Etching was performed on samples to expose microstructural features of the 

specimen, as the same material was used throughout the project, Keller’s etching 

reagent in order to expose microstructure features of the Ti-6Al-4V samples. The 

Keller’s etching agent comprises of the following: 

 

• Distilled water, 190ml 

• Nitric acid, 5ml 

• Hydrochloric acid, 3ml 

• Hydrofluoric acid, 2ml 

 

The preferred method of etching for the samples utilised the swabbing method. A small 

amount of Keller’s etching solution was placed into a beaker and soaked up using 
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cotton wool. The sample was placed in a separate beaker with the exposed specimen 

facing upwards. Using tweezers, the saturated cotton wool was placed on top of the 

sample using tweezers and a timer was started to ensure all samples received the 

same amount of time etching. The Keller’s saturated cotton wool was moved around 

the sample face, remaining in contact with the sample surface at all times. Once the 

elapsed time was up, the sample was removed from the beaker and placed into a 

neutralising solution.  

 

Once neutralised, the sample was then rinsed under cold running water, placed into a 

beaker of deionised water and finally rinsed using ethanol. The sample was then 

placed into a drying station where warm air dried out the sample to avoid residue from 

forming. The sample was then placed under an optical microscope to assess the 

quality of the etching process and ensure that the microstructural features had been 

exposed.  

 

3.3.2 Chemical analysis  

Inert gas fusion (IGF-IR) spectroscopy, commercially known as LECO, this IGF testing 

method adheres to test standard ASTM E1409-13 [143] and was used to characterise 

the oxygen wt % of each batch of powder alongside nitrogen and hydrogen values. 1g 

of Ti-6Al-4V material was vaporised to measure the oxygen, nitrogen and hydrogen 

content (in wt %). Each IGF batch sample utilised 3g of material for three separate 

vaporisations, with average values for oxygen, hydrogen and nitrogen being 

calculated.  

3.3.3 Laser size diffraction (LSD)  
 

The particle size distribution was measured using a Malvern ® Mastersizer ®  3000 

[144] utilising the laser size diffraction (LSD) process. A Fraunhofer scatter model was 

used with the assumption that the particle shape was spherical. Dry dispersion was 

used for the powder delivery in order to reduce the possibility of smaller particles 

conglomerating and being identified as one larger particle. A total number of 3 cycles 

was used for the laser size diffraction analysis.  
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3.3.4 Optical spectrometry  
 

The spectrometry used throughout this project was completed using a Konica Minolta 

CM-2600d portable spectrophotometer. Each powder colour being analysed was 

placed into a clear sample holder as shown in Figure 38 and were placed under the 

aperture (35mm). Prior to any data measurement, the CM-2600d was calibrated using 

a white Konica Minolata calibration standard. Each powder was shaken and the 

bottom of the uDish was wiped with an optical wipe in order avoid any dirt or residue 

hindering the colour measurement. Reflectance measurements were recorded every 

10nm from 360nm to 740nm and data collection was input into SpectraMagic NX 

software for analysis.  

 

 

3.4 Microscopy  
 
Throughout this project, four different microscopes were used for analysis of various 

specimens. The suitability of a specific microscope for imaging is dependent upon the 

specimen and the image resolution the investigation desires. In this project, optical 

microscopes (OM) were used to characterise particle colour and evaluate whether an 

artificially oxidised batch of powder was a series of different coloured particles that 

produced one large bulk colour or if the whole batch of powder was the same colour 

throughout. Scanning electron microscopy (SEM) was used in order to characterise 

microstructure, fracture surface analysis and image oxidised powder particles. 

Focused ion beam scanning electron microscope (FIB-SEM) was used for particle 

Figure 38: Bulk Ti-6Al-4V colours in clear sample holder used for spectrometry. 



 105 

cross sectional analysis and lamellae sample preparation for high resolution imaging 

and quantification of elemental diffusion in the scanning transmission electron 

microscope (STEM). 

 

3.4.1 Scanning Electron Microscope (SEM) 
 
Scanning electron microscopes (SEM) utilises a beam of electrons to view specimen 

features at much higher resolution than optical microscopes due to the smaller 

wavelength of the electron beam relative to visible light. The beam of electrons in SEM 

is generated via an electron gun situated at the top of the microscope, then passes 

through a series of lenses to focus the electron beam on the specimen for imaging. In 

order to maintain the stability of the electron beam, the chamber is under vacuum 

during operation. The focused electron beam interacts with material at and near the 

surface of the specimen producing secondary electrons, backscattered electrons and 

auger electrons. Different detectors within the SEM can be used to utilise each type of 

signal respectively.   

 

A JEOL 6610 SEM was used for particle imaging, fracture surface analysis and 

microstructure analysis throughout this project. The microscope has a range of 

accelerating voltage, but throughout this project, 10kV was widely used for imaging. 

However, the microscope is limited to a resolution of 3nm at 30kV, new SEM 

microscopes can achieve must higher resolution of 1nm at 30kV. This microscope was 

also equipped with a multi axis stage, allowing tilting and rotation of sample to better 

image specific features on specimen. Additionally, the microscope is equipped with an 

Oxford INCA X-act EDX detector which can be used to study elemental distribution of 

a specimen. However, due to the relative low energy resolution and availability of more 

accurate EDX detectors, this was not used throughout this project.   

 

3.4.2 Focused Ion Beam- Scanning electron microscope (FIB-SEM) 
 
The FEI Helios Nanolab 600i FIB-SEM utilises a Focused Ion Beam column which can 

be used in conjunction with an SEM; scanning electron microscope in order to focus 

and scan an accelerated ion beam onto, in this case, a metallurgical sample within a 
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vacuum chamber. The FIB column is generally used for two main purposes; the 

primary function being to generate a scanning ion image of the sample. The secondary 

function being the localised sputtering of the sample materials surface to directly 

fabricate arbitrary nanostructures.  

 

In most commercial and academic systems, a liquid metal ion source (LMIS) is utilised 

for micromachining applications. These sources are considered to be point sources 

meaning their based-on field emission to produce ions and their brightness is higher 

than any other common sources such as plasma ion sources. In comparison to other 

common sources such as plasma ion source (PIS), LMIS have finite virtual source size 

of around 50nm which allows the ions to be focused within 1-2nm.  

 

LMIS can consist of several different ion species such as Sn and Au, however, the 

most common ion used in commercial and academic systems is gallium (Ga); this is 

utilised in a blunt needle source [145]. Gallium has various advantages over other ion 

sources such as the ions previously mentioned due to combination of a low melting 

temperature of 30°C, low vapour pressure and good wetting of tungsten needles for 

in-situ lift out procedures. The low melting temperature allows for easy operation at 

room temperature and enables ease of design. The needle I typically made of tungsten 

(W) as gallium (Ga) does not react with the material and evaporation of Ga is 

negligible. Gallium based LMIS have a long lifetime and are the most stable of the 

commercial options; this combination is essential for high resolution imaging and 

longevity of system operation. The SEM uses the same operating principles as 

previously mentioned but is built in-situ with the FIB column as shown in Figure 39. 
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In the case of this project, a dual beam FEI Helios Nanolab 600i FIB-SEM was used 

for two main purposes, primarily, the FIB was used for sample preparation for STEM 

analysis (Discussed in later section). Secondly, the FIB column was used to mill and 

cross section powder particles in order to characterise oxide thickness and 

microstructure.  

 

The flexibility of the FEI Helios Nanolab 600i FIB-SEM allowed multiple samples to be 

processed at once, in the case of the powder samples, the three main powders 

coloured could be processed at once using the same mounting stage as shown in 

Figure 40. Thin layers of the respective powder colour were mounted to carbon tape 

on top of an SEM stub and labelled A, B and C in order to see which colour was being 

processed under the SEM as no colour is produced under the microscope. This 

method reduced cost, saved time and most importantly reduced the risk of 

contamination as the opening of the chamber was reduced.  

 

Figure 39: Schematic of FIB-SEM operation 
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In the case of analysis of the powder cross section, powder samples were milled, 

thinned and polished using a gallium (Ga) ion source. Using the SEM column to 

inspect the powder sample, a whole powder particle of interest was chosen (Figure 

41A) and using the ion beam from the FIB column, half of the powder material is 

removed from the particle leaving an exposed cross-sectional face.  

 

Dependent upon the diameter of the particle, the size of the Pt layer may vary in order 

to coat the relevant area of the particle surface, a ~2µm thick layer of Pt of size 10µm 

x 2µm is deposited on the surface using the electron and ion beams (Figure 41B). This 

helps protect the powder particle top surface from damage and protect any features 

that may be near such as an oxide layer from the high current Ga-ions.  

 

The milling process started with an accelerating voltage of 30kV and a current of 

0.28nA (Figure 41C). Once the bulk material is removed from the powder particle, the 

voltage and current are incrementally decreased to a voltage of 2kV and current of 

15pA in order to polish the cross-sectional surface of the particle ready for analysis 

(Figure 41F).  

 

 

Figure 40: Powder particles mounted on carbon tape inside FEI Helios Nanolab 600i FIB-
SEM. 
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3.4.3 S/TEM sample preparation using FIB-SEM 
 

Numerous lamella specimens were made throughout this project originating from 

different samples such as powder particles and tensile fracture bar surfaces. The 

process of creating a lamella for the fracture surface of the tensile bar and powder 

particles followed the same process each time in order to keep the results consistent.  

The region of interest (ROI) was selected for its surface characteristics in order to 

create the desired lamella in the fracture surface.  

Once the lamella location is selected (Figure 42A), a ~2µm thick layer of Pt of size 

25µm x 5µm is deposited on the surface, using the electron and ion beams (Figure 

42B). This helps protect the region of interest from damage from the high current Ga-

ions used during preparation. Bulk material is then milled in the surrounding area to 

the Pt-protected ROI to a depth of ~20µm to expose preliminary lamella (Figure 42C). 

The lamella is then removed using an Omniprobe needle and mounted to a copper 

TEM grid where thinning and polishing at incrementally reducing beam currents and 

accelerating voltages produce a final lamella thickness of ~50nm (Figure 42D).  

Figure 41: SEM live capture micrograph of milling an oxidised powder particle to expose the cross section FEI Helios 
Nanolab 600i FIB-SEM. 
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The thinning process started with an accelerating voltage of 30kV and a current of 

0.28nA when the lamella sample is at its thickest (5µm). The voltage and current are 

incrementally decreased as the lamella thickness decrease until a final polishing 

voltage of 2kV and current of 15pA at a lamella thickness of ~50nm. The thinning 

process utilises a wedge milling process suggested in a study by M Schaffer et al [146] 

in order to best protect surface features and create a flat lamella for atomic resolution 

imaging as shown in Figure 43. Similar to accelerating voltage and current, at the 

lamellas thickest point, high angle tilt is used to thin both side of the lamella, at a 

thickness value of 5µm, ±5o tilt angle is used incrementally decreasing to a final 

thinning tilt angle of ±1o at a thickness of ~50nm. The final polishing tilt angle is ±5o 

to remove any amorphous structure created by the gallium (Ga) ion source.  

Figure 42: Images of In-situ lift out process to create a TEM lamella sample. A) Region of interest B) Pt layer C) Milling site D) 
Lamella sample mounted to copper grid 
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C D 
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The process of creating a lamella sample for powder particles followed a very similar 

process as the same material was used. The significant difference between the 

processes was the region of interest (ROI), being a stand-alone powder particle 

mounted on carbon tape as discussed in 3.4.5.3. The in-situ lift out parameters, 

thinning and polishing all followed similar steps using the same equipment as 

methods.  

3.4.4 Preliminary findings for S/TEM sample preparation 

Throughout the FIB milling process there were a variety of problems producing lamella 

samples for STEM analysis due to several different factors. Primarily, the main finding 

from preliminary lamella production was the use of a Gallium source focused ion beam 

(FIB), the Gallium (Ga) atoms implanted onto the lamella surface creating amorphous 

structures and thus requiring lengthy cleaning procedures at low voltage and current 

to achieve atomic resolution as detailed in section 3.4.5.4. However, despite the 

cleaning routine of the lamella, small amounts of Gallium (Ga) implantation remained 

on the surface of the lamella making it hard to achieve consistent atomic resolution. 

The use of a plasma FIB negated this problem and was utilised for the cross-sectional 

measurements of the oxide layer thickness which is discussed in later sections. 

However, the plasma FIB had a high cost to the project and was not viable to conduct 

any remaining work on, therefore a Gallium source FIB was utilised for remaining work.  

Figure 43: Schematic of wedge milling process 
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Another major finding in sample preparation for STEM was the bending of the lamella 

samples once mounted to the copper (Cu) TEM grids once the thinning process from 

the ion beam had started. Therefore, in order to achieve atomic resolution, two 

different methods were utilised for STEM analysis. Primarily, the in-situ lift out process 

featured a similar method to that illustrated in Figure 42 where it was found that some 

lamella may bend when milling with the ion beam, this would not make the lamella 

suitable for EELS analysis and would require consistent realignment as the region of 

interest changed on the lamella. Therefore, a second technique was utilised where 

sections of the lamella were thinned strategically for the desired analysis. This method 

used a ‘channelling’ technique, three channels were thinned to different thickness 

depending on the application, the locations between each channel did not receive any 

thinning from the ion beam and were left at the initial thickness of the lamella to keep 

the structural integrity of the lamella as shown in Figure 44. The three channels thinned 

were utilised for three separate analysis techniques, one for atomic resolution imaging, 

second for EDX analysis and the third for EELS analysis. Typically, the imaging 

channel was thinned to ~50nm as documented in the previous section. The second 

window featured a similar thickness for EDX analysis but did not require the intensive 

cleaning procedure that the first channel did, reducing the milling time of the FIB, finally 

the third channel was thinned the most achieving ~30nm to maximise the number of 

electrons passing through the lamella and captured by the EELS detector.  

 

 

 

 

 

 

 

Figure 44: Thinning of blue Ti-6Al-4V lamella using a channelling method to maintain 
structural integrity. 



 113 

This technique was used extensively for the particle STEM analysis in order to run the 

different types of analysis. However, it is important to note that the technique displayed 

in Figure 44 was not utilised in the latter stages of the project for the fracture surface 

lamella due to the complexity of the lift out process, because the uneven fracture 

surface, it proved challenging to topcoat and mill out the lamella, therefore due to the 

thin layer of Pt coating on the lamella surface, only one channel was thinned in order 

to avoid any damage to the surface.  

The findings from these early investigations for FIB milling provided essential 

information to improve the time and efficiency of the FIB process for sample 

preparation for STEM as numerous lamella samples were made throughout the project 

for different particles and fracture surfaces.  

 

3.4.5 Scanning Transmission Electron Microscope (S/TEM) 
 
Transmission electron microscopy utilises a beam of electrons generated from an 

electron emission source situated at the top of microscope. In comparison to SEM, the 

electron beam is transmitted through the specimen to achieve an image of the 

specimen. The beam of electrons is focused through a series of condenser lens in 

order to focus the beam onto the specimen. However, beam profiles vary dependent 

upon the grade of microscope and can significantly change the resolution and 

information limit of the microscope [147]. Higher grade microscopes feature Cs 

aberration correctors in order to correct the beam profile and produce better resolution. 

In order for the electron beam to transmit through the specimen, the sample has to be 

extremely thin. Samples vary in their nature and dependent upon the information 

required from the analysis, they are prepared using different methods. Typically, 

lamella samples are <50nm thick in order to achieve a high-resolution imaging [146]. 

There are two imaging modes: bright field (BF) and annular dark field (ADF).   

 

A JEOL 2100f Cs-corrected FEG S/TEM (80-200kV) and JEOL 2100+ S/TEM (200kV, 

LaB6 thermionic emission source), as shown in Figure 45, was used throughout this 

project for high resolution imagine and quantification of elemental distribution. The 

microscopes have a point resolution of 0.19nm and a maximum magnification of 
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x1,500,000. The analysis conducted throughout this project was conducted with an 

accelerating voltage of 200kV, in both bright field (BF) and annular dark field (ADF). 

Scanning- TEM mode was used with all samples throughout the project and due to the 

nature of the sample, double tilt holder was used for all specimens. An EDAX Octane 

T Optima windowless 60mm2 SDD EDX detector was used to quantify elemental 

distribution within lamella samples and help understand the concentration of interstitial 

elements such as oxygen due to diffusion in the SLM build process.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 45: Schematic of cross section of JEOL 2100+ from the JEOL operation 
handbook. 
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3.4.6 Optical Microscope (OM) 
 
Optical microscopy utilises visible light through a series of compounding lenses to 

create a magnified image of a specimen. The primary objective lens is used to collect 

visible light from the specimen which is then focused inside of microscope to display 

an image, usually there are three or four objective lenses of different magnification. 

Most modern microscopes utilise a digital camera system in order to view and capture 

images of specimens due to the user-friendly interfaces and allows more than one 

user to view the specimen on a screen as opposed to the microscope eye piece. A 

Nikon "Epiphot TME" inverted microscope, fitted with M-Plan objective lenses, in 

brightfield illumination was used to image basic microstructure features and 

interference colours from oxidised particles. Images were captured employing an 

"Infinity 2-2C" CCD digital camera and "Infinity Capture v7.0" software.  

 

3.5 TRUMPF TruPrint 1000 
 

All built samples throughout this project have been fabricated on a TRUMPF TruPrint 

1000 machine. The TRUMPF TruPrint 1000 uses a 200W Ytterbium fibre laser to 

process deposited metallic powder within a 100mmx100mmx100mm build volume. 

However, the laser 200W Ytterbium laser is capped at 175W for processing to allow 

for calibration drift and drop off in power.  

 

To minimise the potential for oxidation during the melting process, the build chamber 

is flooded with argon and the metallic powder is processed in an argon atmosphere. 

The build chamber is initially purged with argon to remove residual air from the build 

chamber and once a residual oxygen content <1000ppm is achieved, a running flow 

of argon across the powder is used to remove partially sintered and oxidised particles 

during the build process. The oxygen content reduces throughout the build process as 

more argon is introduced into the build chamber. The flow of argon is continuously 

filtered to remove fine powder particles and any particulates produced from the melting 

process.  
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3.5.1 Machine limitations 
 

There are numerous limitations to the TRUMPF TruPrint 1000 (Figure 46) like that of 

every AM machine. However, in the context of this project, four key limitations are 

discussed that had the most significant potential to affect the build quality of the tensile 

specimens.  

 

1. There Is poor/inconsistent laminar gas flow across the build plate, this can lead 

to poor removal of spatter from the fusion zone and result in the creation of 

pours/defects if spatter particles are incorporated into fused material (parts). 

This can in turn mean that there is a variation in the part density as a function 

of build plate location, however this is not necessarily consistent.  

2. There is a short time between layers (this is an unfortunate result of an aspect 

which is usually considered a positive). However, on the TRUMPF TruPrint 

1000, the time between layers is short resulting in very little time for parts to 

cool down between laser exposures. This problem becomes more prominent 

over long build periods, the parts ambient temperature increases to levels at 

which thermal expansion and oxidation of the part become more significant. 

This effect is exacerbated when there is a step change (reduction) in cross 

sectional area, resulting in drop-in layer time. Note, a solution for this was 

provided in a software update, which allowed for the setting of a minimum layer 

time, however this software update was not available at the time of the tensile 

builds for this project.   

3. The glass build and feed chambers are optional on the TRUMPF TruPrint 1000 

and in the case of this project, Carpenter Additive chose this option for their 

research and development team as it allowed easy removal and cleaning as 

they processed multiple different alloys. However, previous builds using Ti-6Al-

4V for a research project lead by Carpenter had caused the glass build and 

feed chamber to suffer thermal fatigue and consequently it cracked. This 

required a new cylinder to be bought and therefore delayed the tensile builds 

for this project by four weeks as we were unable to process without the glass 

build and feed chamber. 

4. Relatively low power in comparison to other SLM machines. The 175W power 

is quite low relative to production focused SLM machines resulting in the laser 
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scan velocities being low to meet necessary energy densities. It’s important to 

note, there is not an option to specify a higher power laser for the TRUMPF 

machines, but this was not available at the time of the tensile builds for this 

project.  

 

 

 

3.6 Nano-Indentation 

All tests were performed using the Nano Indenter G200 equipped with a DCM-II head 

and a Berkovich sharp (Synton) pyramidal tip. Prior to any testing, the pyramidal tip 

was calibrated using a fused silica sample. All nano-indentation testing was conducted 

using the Oliver-Pharr analysis [148] 

Three samples were mounted into the Nano indenter, the samples consisted of cross 

sectioned tensile bars mounted in 32mm Conducto-mount pucks which had been 

polished using the procedure described in section 3.4.1. The three samples were 

loaded to 10 mN with a 15 second time to load and unload and a 10 second hold time. 

The drift rate was set to 0.1 nm/s and a Poisson’s ratio of 0.31 was used. Three 

locations were chosen on each sample to show the variation in hardness with respect 

to the fracture surface, 5 indents were made in each chosen location. The first location 

Figure 46: Images of TRUMPF TruPrint 1000 machine with labelled image of build chamber 
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was the fracture surface, the second location is 50µm offset from the fracture surface 

and the third location is 100µm offset from the fracture surface. 

3.7 Chapter summary  

In this chapter, the methodology for each analysis technique used throughout the 

project was explained in detail and several preliminary but key experiments were 

performed. The purpose of these experiments was to gain an understanding of the 

interference colours produced by thermal oxidation of the Ti-6Al-4V powder particles 

and optimise techniques to characterise them for later experiments.  

Yellow and blue interference colours were chosen for the tensile builds as these 

coloured particles produced a uniform colour both on the bulk and particle level, 

whereas green produced a uniform bulk colour, however, on inspection of the 

individual particles, the colour varied.  

It was found that two different techniques would need to be used for S/TEM analysis 

throughout the project; the particle analysis would require a technique which milled 

three channels out the lamella to avoid the bending effect from the internal stresses 

allowing multiple types of analysis on one lamella. However, the fracture surface 

lamella would use a wedge milling process due to the complexity of the lift process 

because of the uneven fracture surface.  
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4.0 Powder Characterisation of oxidised particles 
 
This chapter presents and discusses the results from the powder characterisation of 

the thermally oxidised Ti-6Al-4V powder particles.  

 

Optical imaging was used to validate the consistency of the artificial manufacturing 

process in its ability to produce the same interference colour on the bulk and particle 

level. Chemical analysis investigated bulk powder material oxygen contribution, SEM 

imaging investigated the morphology of the powder batches and finally, particle size 

distribution investigated the effect of thermal oxidation on the change is particle size 

and distribution.  

 

The results from these investigations formed the basis of the failure hypothesis as it 

furthered the understanding of the impact thermal oxidation had on powder properties 

on the bulk and particle level.  

 

4.1 Preliminary investigation of oxidised powders 
 

There was little literature on thermal oxidation of Ti-6Al-4V powders metals, the 

existing literature focused on anodising titanium as this was the preferred industrial 

method for processes such as jewellery. Therefore, temperature and interference 

colour due to oxide layer growth was investigated over a range of 400ºC to 700ºC as 

it is well documented that >400ºC oxygen begins to rapidly dissolve into titanium. As 

previously mentioned in section 3.2, the procedure utilised 10g batches for 60 minutes 

and produced an interference colour based on the oxide growth. This process was 

repeated at 10ºC intervals to investigate all major interference colours produced within 

the given temperature range. The interference colours followed established literature 

with regards to order in which they appear with respect to oxide thickness, and this 

was correlated with the respective temperature to form the basis of the preliminary 

findings.  
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Figure 47 displays the prominent colours from the preliminary investigations, there 

were many variants/shades of the colours displayed in Figure 47, however these 

colours were chosen for further investigation and the respective temperatures noted. 

Preliminary investigations such as chemical analysis was conducted to establish the 

correlation of colour and oxygen wt %. The results of these findings established that 

the oxygen wt % increased with temperature. This led to the coloured powder being 

narrowed down into three colours of interest: yellow, blue and green, these colours 

were chosen as they represented, in terms of this project, low, medium and high 

oxygen wt %. 

 

These powders represented highly oxidised particles within a post processed powder 

bed which were significantly higher in oxygen content than the rest of the powder bed. 

This provided an idealised system with which to study the effects of oxidised Ti-6Al-

4V powder particles in a powder bed.  

 

This allowed efficiency in terms of powder utilisation for the project, instead of 

producing numerous different colours and thus using large quantities of powder, the 

decision to focus on three colours benefitted the project both in terms of cost and 

allowed a greater amount of analysis to be conducted on three distinct points in Ti-

6Al-4V powder particle oxidation scale.  

 

Figure 47: Thermally oxidised Ti-6Al-4V powder particles; ranging from virgin (far left) to green 
(far right). 
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4.2 Chemical analysis of bulk powder 

Throughout this research, interference colours were used to categorise different 

oxidation points throughout the Ti-6Al-4V oxidation spectrum. The aim being to 

develop a quality-controlled methodology with quantified levels of oxidation that match 

those observed in real reused powder, so as to observe their effect on part behaviour. 

This would increase understanding of the impact, if any, they would have on final build 

quality in real parts, and it would identify if post processing were likely to be helpful.  

Inert gas fusion (IGF-IR spectroscopy) results in Figure 48 suggest that at 

temperatures <400°C, the oxygen wt % increases at a slow rate.  As the temperature 

increases (>400°C), the dissolution of oxygen into the core of the Ti-6Al-4V particles 

increases rapidly and an oxide layer begins to thicken on the particle surface. Figure 

49 suggests that the temperatures >400oC have reached the maximum acceptable 

oxygen content (wt %) of 0.13 wt % according to ASTM F136-13 for grade 23 Ti-6Al-

4V powder. However, temperatures below 400oC are still below 0.13 wt % and within 

ASTM limits, therefore the powder can be considered for use as feedstock. 

Oxides formed on Ti-6Al-4V are more stable than nitrides, under normal SLM 

processing conditions, and an oxide layer forms on any exposed surfaces at 

temperatures >400°C, with titanium nitrides only forming readily in nitrogen rich 

atmospheres that are not normally used. Dependent upon the desired built component 

application, the maximum level of oxygen and nitrogen wt % in a build volume may 

differ across industry to meet safety standards. In medical applications, oxygen levels 

exceeding 0.2 wt % and nitrogen levels exceeding 0.05 wt % are out of specification 

as determined by ASTM F2924 ALM Ti6Al-4V. [149] 

Both the yellow and blue powder (Figure 48) would be considered out of range for the 

medical industry (oxygen wt % of 0.4 wt % and 0.7 wt % respectively) if they made up 

the bulk of the powder but spread within powder of lower oxygen content they may not 

be observed, the overall powder being within specification. Little is known about the 

interaction of the oxidised powder within a build and the effect on the final build local 

oxygen content.  
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The error bars in Figure 48 and 49 are calculated using standard deviation of the IGF 

(LECO) results, this IGF technique adheres to test standard ASTM E1409-13 [143] 

and utilises triplicate testing; the measurement uses three, 1g batches of powder to 

vaporise and measure the O, N and H values to gain an average result. 
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4.3 Morphology of powder particles  
 

The morphology of each powder batch was investigated to understand the potential 

impact of the oxidation process on key powder properties such as flowability and 

packing density.  

 

Scanning electron microscopy (SEM) was used to image the powder at different 

magnifications, the morphology investigation features a low magnification micrograph 

and a high magnification micrograph to compare each powder batch in detail.  

 

Figure 50A displays a low magnification micrograph of virgin Ti-6Al-4V, the image 

shows many powder particles which all appear uniform in shape and a similar 

spherical morphology. The image suggests a variety of particle sizes distributed evenly 

throughout. Figure 50B displays a high magnification micrograph of the same virgin 

Ti-6Al-4V showing large and small particles all spherical in morphology and shows 

little to no evidence of satellites or contamination. However, it is worth noting that there 

are small particles (<5µm) attached to the surface of the larger particles present within 
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Figure 49: The impact of temperature on oxygen, nitrogen, and hydrogen for oxidised Ti-6Al-4V 
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the high magnification image, this is likely due to the manufacturing process of the 

virgin Ti-6Al-4V.  

 

 

 

 

 

 

 

 

 

 

 

Yellow: 

 

Figure 51A displays a low magnification BSE micrograph of yellow coloured Ti-6Al-

4V, the image displays a large variation in particle size and a similar morphology to 

that of virgin Ti-6Al-4V. Figure 51B displays a high magnification BSE micrograph of 

yellow coloured Ti-6Al-4V, the image displays large and smaller particles with some 

evidence of satellites and potential oxide growth on the particle surface denoted by 

the red circle.  

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 50: A) BSE micrograph at x300 magnification of Virgin Ti-6Al-4V B) High mag (x1000) BSE micrograph of Virgin Ti-6Al-4V 

Figure 51: A) BSE micrograph at x300 magnification of yellow coloured Ti-6Al-4V B) High mag (x1000) BSE micrograph of yellow 
coloured Ti-6Al-4V 

A B 
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Figure 52A displays a low magnification BSE micrograph of blue coloured Ti-6Al-4V 

powder, the image displays a large variation in particle size and morphology with 

evidence of oxide growth and satellites throughout. Figure 52B shows a high 

magnification BSE micrograph of blue coloured Ti-6Al-4V with strong evidence of 

satellites on the surface of powder particles alongside evidence of a textured structure 

on the surface of the particle as denoted by the red circle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53A displays a low magnification BSE micrograph of green coloured Ti-6Al-4V 

powder, the image displays a large variation in particle morphology with evidence of 

satellites on the particle surface denoted by the red circle. Figure 53B displays a high 

magnification BSE micrograph of green coloured Ti-6Al-4V, here there is further 

evidence of satellites on the surface of powder particles alongside potential oxide layer 

growth on the surface of powder particles as a rough texture can be observed.  

 

  

 

 

 

 

 

 

 

Figure 52: A) BSE micrograph at x300 magnification of blue coloured Ti-6Al-4V B) High mag (x1000) BSE micrograph of blue coloured 
Ti-6Al-4V 

A B 

Figure 53: A) BSE micrograph at x300 magnification of green coloured Ti-6Al-4V B) High mag (x1000) BSE micrograph of green 
coloured Ti-6Al-4V 

A B 
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4.4 Particle size distribution (PSD) 
 

Particle size analysis was conducted to confirm the particle size range and obtain 

information with regards to the particle size distribution (PSD). Table 4 shows the DV 

values for each oxidised powder condition, the results shown are averages of three 

passes on the Malvern Mastersizer 3000.  

 
Table 4: PSD results for oxidised Grade 23 Ti-6Al-4V 

DV Value Virgin Yellow Blue Green 

DV 10 (µm) 22.3 22.0 22.8 22.5 

DV 50 (µm) 32.7 32.3 32.8 33.4 

DV 90 (µm) 47.2 46.8 45.7 49.0 

 

Particles <16µm 0.4% 0.49% 0.34% 0.29% 

Particles >45µm 13.3% 12.63% 11.37% 16.14% 
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Overall, Figure 54 suggests that the particle size distribution remained relatively 

consistent across the control (virgin), yellow and blue powder with a change of 1.5µm 

for Dv (90), 0.1µm for Dv (50) and 0.5µm Dv (10). However, relative to the control 

(virgin), green yielded a significant increase in particle size with a change of 1.8µm for 

Dv (90), 1.1µm for Dv (50) and 0.2 µm for Dv (10). Additionally, the data suggested no 

significant change in particle size >45 µm with only a 1.93% change between virgin, 

yellow and blue. However, the green powder >45 µm increased 2.84% relative virgin. 

This increase is likely accredited to large oxide layer covering the surface of the 

particles and potentially agglomerates or oxide satellites distorting LSD 

measurements.  
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In terms of processing, these findings suggest the particle size of yellow and blue are 

not significant differently from that of virgin but may still detrimentally affect the ability 

of the powder to flow and packing density during the build process. However, the green 

powder suggests there are significant differences across all the size classes and the 

number of particles >45µm is significantly larger than that of virgin, resulting in reduced 

packing density and flowability of the powder. The green Dv (90) is an increase of 

1.8µm compared to virgin Dv (90) suggesting an increased number of large particles. 

Interestingly, there was a decrease in the number of fine particles (<16µm) as volume 

(%) reduced by 0.11% between virgin (0.4%) and green (0.29%) powder. 

 

The reduction in smaller particles can aid the flowability of the powder as the smaller, 

fine particles can inhibit the flow of powder due to their increased inter-particle 

adhesion resulting in friction. Harkin et al [47] investigated powder recycling in SLM 

using grade 23 Ti-6Al-4V and found that the powder flowability increased from 30s per 

50g to 23.6s for 50g for recycled powder where the number of fine particles (<14.5 

μm) as volume (%) has reduced from 0.06% to 0.03%. 

 

However, in terms of processing, the larger particles (>50µm) will likely be removed 

by the wiper/re-coater and transferred into the collection cylinder. The finer particles 

(<50µm) are spread across the build plate and likely participate in the melting and 

solidification during manufacturing. Although the larger particles (50µm) are likely to 

be removed by the wiper if they are bigger than the build height, it is possible that they 

could scrape across the surface of the powder creating lines in the powder leading to 

zones of lack of fusion or increased porosity. This could be detrimental to the build as 

under loading conditions, lack of fusion and increased porosity can result in premature 

failure. Yellow powder particles have an oxide layer thickness of around 20-40nm, 

Blue powder particles around 60-80nm and green around 200nm thick [150][65].  

Therefore, the diameter of the particles will slightly increase as the oxide layer grows 

for the respective colour as seen in the particle size distribution in Figure 54. However, 

this change is small relative to the particle size, and it is likely powder variation is also 

a large contributing factor in the different PSD.  

 

After each completed build, the powder will likely pass through a series of sieves and 

mixed with the feedstock dependent upon the chosen recycling strategy. If this process 
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is repeated, then the PSD of recycled powder will begin to narrow as the larger 

particles (>50µm) are removed via sieves and the smaller particles (<50µm) are 

present within the melting process. Therefore, it is likely that the smaller particle size 

class poses a larger threat to the built component in comparison to the larger particles 

as they are likely to be removed. Smaller particles with a high oxygen content and 

oxide layer may remain within the powder as neither the re-coater/wiper and the post 

sieving may not remove these problematic particles. Patrico et al [151] investigated 

recycling of Ti-6Al-4V in SLM and reported a narrowing of PSD as powder reuse 

increased alongside better flowability compared to new powder due to lower cohesion 

and interparticle frictions.  

 

 

4.5 Optical Imaging  
 

Optical imaging proved a useful tool for the investigation into the powder 

characterisation as it showed the bulk and individual particle colour under the 

illumination of white light from the objective lens. 1g of each powder colour was spread 

across a glass slide and sealed with a clear piece of tape to ensure no movement of 

the powder particles under the optical microscope. 

 

Optical imaging served two main purposes throughout the project; it was initially used 

to understand if the artificially oxidised bulk powder interference colour consisted of 

numerous smaller particles of the same interference colour.  

 

Optical imaging was initially used to understand the relationship between the bulk 

colour and the individual particle colour by imaging the bulk colour of the powder and 

comparing this to individual powder colour. In the case of the bulk powder colour 

matching the individual particle colour, this would validate the thermal oxidation 

process used to create these particles as they produced consistent colours on the 

particle and bulk level. It was vital that the bulk powder colour and the particle colour 

was the same for the later stages of the project as analysis using SEM and FIB-SEM, 

produces a black and white image and it would not be possible to distinguish between 

colours without preparing an individual particle for analysis.  
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The yellow powder proved to be successful in terms of producing a uniform colour 

both on the particle level and the bulk powder colour. Therefore, the conditions for the 

artificial oxidation process were successful and made it reasonable to assume all the 

particles were of the same colour for chemical analysis to understand the oxygen 

contribution of the colour. 

 

Figure 55A shows a low magnification optical image of the powder batch displaying a 

uniform distribution of the ‘yellow’ colour with all particles showing a spherical 

morphology. Figure 55B shows a higher magnification image displaying a uniform 

colouring of the particle with no evidence of any other colours.  

 

 

 

 

 

 

 

 

 

 

 

 

The blue coloured powder showed a blue interference colour both at the bulk powder 

level and the same colour at the particle level. Figure 56A displays a low magnification 

optical image of the powder sample and displays a uniform colour throughout all of the 

particles of a blue interference colour. Figure 56B displays a high magnification optical 

image of the powder sample and again displays a uniform blue colour on the particles 

alongside a spherical shape.  

 

 

 

 

 

20µm 40µm 

Figure 55: A) Low magnification (x200) optical image of yellow coloured Ti-6Al-4V powder particles B) Higher magnification 
(x1000) optical image of yellow coloured Ti-6Al-4V powder particles. 
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The green powder sample displayed a non-uniform distribution of colours throughout 

the particle sample. Figure 57A displays a low magnification optical image of the 

powder sample and clearly indicates a variety of different interference colours present 

throughout the sample. The bulk colour may appear to be green to the human eye, 

however, under the microscope, it is a variety of different colours from the oxidation 

spectrum that comprise the powder samples bulk colour. Figure 57B further reiterates 

this in a high magnification image of the interference colours on the particle surface 

clearly indicating the presence of purple, green, yellow, and blue coloured particles.  

 

The green coloured powder proved to be problematic to achieve a uniform distribution 

of green coloured particles. It is possible that this is due to the rate of heating, smaller 

particles will heat up faster than larger particles and consequently reach the prescribed 

oxidation temperature quicker. However, the larger particles will take longer and 

therefore will need to be held at the oxidation temperature longer to achieve the same 

oxide thickness as the smaller particles. Due to the small exposure time of 60 minutes, 

some of the larger particles may not have had enough time held at the oxidation 

temperature to reach the required oxide thickness to create the interference colour 

green, whereas the smaller particles may have reached this colour in the 60-minute 

exposure time. Therefore, this creates a mixed batch of coloured powder as observed 

in Figure 57. Additionally, it is possible that because the powder is effectively in a pile 

in the crucible dish during oxidation, the oxygen cannot get to all the particles and the 

particles on the outer of the sample will heat up faster than the particles on the inner 

of the sample. However, due to the small batch size of 10g for oxidation, this is unlikely, 

and this problem becomes more significant in larger batch quantities.  

Figure 56: A) Low magnification (x200) optical image of blue coloured Ti-6Al-4V powder particles B) Higher magnification 
(x1000) optical image of blue coloured Ti-6Al-4V powder particles. 

20µm 40µm 
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NOTE: it is possible to achieve a uniform colour of green powder both on the bulk 

scale and the particle level but requires a change in the key variable such as exposure 

time and atmospheric conditions. However, the decision was taken to not up scale the 

manufacture of the green powder as it was hard to consistently manufacture to ensure 

all the particles featured the same colour and from this point on in the project for further 

investigation, the blue coloured powder would act as the high oxygen contributing 

particle.  

 

 

 

 

The optical imaging proved a valuable aspect to the project investigation as it validated 

the manufacturing process for yellow and blue powder particles. The green powder 

displayed a mixture of different colours that comprise of the bulk powder colour, 

although achievable, this proved difficult to control the quality of the powder created in 

ensuring uniformity within the powder particle colour. Therefore, the decision was 

made that the blue powder material would act as the high oxygen contributing particle 

for the tensile builds as the validity of the green build could not be ensured. However, 

for the purpose of the investigation, the green powder particles would still undergo the 

same powder characterisation as the yellow and blue.  

 

 

Figure 57: A) Low magnification (x200) optical image of green coloured Ti-6Al-4V powder particles B) Higher magnification 
(x1000) optical image of green coloured Ti-6Al-4V powder particles. 

40µm 20µm 



 133 

4.6 Colour characterisation 
 
Colours created by the interference phenomenon are a crucial element of the project 

as they are the foundation for building a quality control methodology. Understanding 

the interference colours and quantifying their presence within powder beds allows SLM 

users to identify problematic particles within post processed powders by identifying 

these particle colours and choosing the necessary action to prevent them entering the 

build process. The interference phenomenon is created by oxide layers on the particle 

surface, therefore, different oxide layer thickness results in different colours. 

Therefore, the three main colours chosen for this project, yellow, blue and green 

represent, in relation to this project, low, medium and high oxygen wt %.  

 

L*a*b* colour space was used to quantify the colour of the bulk powder, L*a*b* colour 

space is quantitative colour model defined by the Commission Internationale de 

l’Eclairage (CIE) measuring three main components: lightness (L*), red/green 

coordinate (a*) and yellow/blue coordinate (b*).  

 

Quantifying the reflectance and L*a*b* coordinates of each colour and relating them 

to an oxygen wt % range would form the basis for a preliminary quality assessment of 

post processed powder bed. If an image of the post processed powder can identify the 

coloured particles and correlate an oxygen wt % range, it would allow a user to 

understand if there are problematic particles present within the post processed powder 

bed.  

 

4.6.1 Bulk colour reflectivity and LAB colour space  
 
Understanding the reflectivity of the coloured powder particles relative to the virgin Ti-

6Al-4V powder is crucial as the interference colour due to the oxide thickness may 

also affect the behaviour as the reflectivity of the particle will change with interference 

colour. Interference colour studies of thin titanium oxide layers suggest that the 

refractive index decreases at larger oxide layer thickness.[65] Therefore, the thermal 

energy absorbed by the blue particles may not always be sufficient to melt the shell 

oxide and the core particles, resulting in un-fused/ partially fused particles into the 
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surrounding build layer. Each interference colour has a different oxide thickness and 

thus the produces a different reflectance value. Utilising Konica Minolta colour 

spectrometry, each powder colour was analysed across wavelength of 360nm to 

740nm to evaluate the reflectance (%) value and quantify the colour to understand 

whether the interference colour being observed on the bulk level matched the same 

colour on the known L*a*b* colour charts.  

 

Figure 58 shows the relationship between reflectance and wavelength of the three 

interference colours relative to the virgin Ti-6Al-4V powder. The virgin powder displays 

a consistent high reflectance starting at 15% at 360nm, gradually increasing to 22% 

at 740nm suggesting that the virgin powder will have a consistent refractive index 

which will aid consistent thermal absorption of the laser energy across the build 

process. The yellow powder displays a steady increase from 3% at 360nm to 13% at 

740nm suggesting that powder may not absorb energy as readily as virgin. Blue 

powder shows a steady decrease from 13% at 360nm to 2% at 740nm suggesting that 

this powder has low reflectance across the majority of wavelengths [152] and may 

potentially increase the thermal absorption from the laser energy [153]. Interestingly, 

although green has the largest oxide thickness, this colour produces a steady increase 

from 5% at 360nm to 15% at 740nm. Diamanti et al [150] reported similar reflectance 

values for two step anodised TiO2 for oxide thickness of 80nm, 100nm and 120nm.  

 

Carrion et al [151] measured the thermal conductivity of reused powder and showed 

that the thermal conductivity slightly increased as the number of reuses increased 

alongside a slight increase in PSD for reused particles agreeing with the results from 

Figure 54. The thermal conductivity of the powder is significant in this case as it plays 

a significant role in cooling rates and thermal histories, therefore effecting the resultant 

microstructure of the built part [154].  
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Figure 58: Relationship between reflectance (%) and wavelength (nm) for bulk colours; yellow blue and green and control 

colour; virgin. 

 
 
As previously mentioned, L*a*b* colour space is the industry standard for measuring 

different colours and quantifying them. Here each powder is assigned a quantitative 

value and plotted on the L*a*b* colour space chart to show where the colour sits 

relative to other colours. The axis are defined as lightness (L*), red/green coordinate 

(a*) and yellow/blue coordinate (b*). 

 

The colour measurements in Figure 59 are conclusive with known L*a*b* values for 

the three bulk-coloured powders being investigated. The three powder colours are 

present across two different quadrants of the L*a*b* colour space and yellow sits on 

the vertical L* axis, this suggests that there are significant differences in lightness (L*) 

and chromatic colouring (a* and b*). This is expected as the three powders display 

distinct differences in their colour both on the bulk level and the particle level as shown 

by the optical micrographs in section 4.0.  
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Figure 59: L*a*b* colour measurements of the three bulk powders; yellow, blue, and green. 

 
 

4.6.2 Sub-yellow powder reflectivity and LAB colour space  
 
Similar to the bulk colour study, the reflectance relationship with wavelength was 

conducted for powders that did not show any apparent interference colour change but 

produced increased oxygen contents across temperatures of 200ºC, 300ºC and 400ºC. 

Understanding the reflectance changes of these powder particles was important as 

they represented heat affected zone powder which is commonly found around built 

parts. Establishing the relationship between reflectance and wavelength aided 

understanding of whether the heat absorption changes as they are subjected to varied 

temperatures between 200-400ºC. 

 

Figure 60 shows the relationship between reflectance (%) and wavelength (nm) for 

three different heat effected powders: 200ºC, 300ºC and 400ºC. The 200ºC powder 

shows similar results to the virgin powder as it produces a consistent slight increase 
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in reflectance from 12% at 360nm to 20% at 740nm. Similarly, 300ºC also displays 

similar results with a slightly lower starting value of 6% at 360nm and peaking at 18% 

at 740nm. Lastly, the 400ºC powder displayed a similar relationship but produced 

significantly lower starting reflectance of 2% at 360nm and peak of 17% at 740nm.  

 

Overall, the result across the three heat affected zone powders showed similar results 

in terms of the relationship across the given wavelengths, the only distinguishable 

difference appears to come from the starting value and the peaks which differ slightly 

due to slightly larger oxide thicknesses on each powder (in the order of nm). In 

comparison to the bulk colours, these powders produce consistent high reflectance 

results which are favourable for the conditions inside the SLM process as it allows 

consistency.  

 
 

 
Figure 60: Sub-yellow relationship between wavelength (nm) and reflectance (%) 
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Similar to the bulk colour study, the sub yellow powder was all quantified using a 

spectrometer and plotted in L*a*b* colour space. The values obtained using the 

spectrometer are in the same quadrant suggesting that there is little variation in the 

lightness (L*), and chromatic axis (a* and b*). This suggest that although the powder 

increases in oxygen as the temperature increases, the change in colour below 400ºC 

is not significant. The similar values in the L*a*b* readings can be accredited to the 

small oxide layer covering the surface of the powder particles, the oxide layer is not 

thick enough to create the interference phenomenon to change the colour of the 

particle and thus displays similar values across the different heat-treated powders.  

 

Similar to Figure 59, the axis in Figure 61 are defined as lightness (L*), red/green 

coordinate (a*) and yellow/blue coordinate (b*). Interestingly, for the sub yellow 

powders, there is no distinct difference in the colour of powder to the naked eye but 

there are differences in colour and reflectance measured by the spectrometry results 

in Figure 58 and Figure 60. 

 

In comparison, the bulk colours yellow, blue, and green are noticeably different to the 

naked eye and the spectrometer, suggesting that although the bulk colours present 

the largest oxygen contribution to the powder bed as individual particles (Figure 48), 

they can be easily identified and potentially controlled. Identifying the highly oxidised 

particles, allows the user to make decisions whether to proceed with the feedstock or 

potentially develop a process to remove the oxidised particles. However, the sub 

yellow powders are not easily identifiable from the naked eye but are different in the 

spectrometer potentially presenting a higher risk to build material properties due 

difficulty in identifying and isolating these particles.  

 

The sub yellow powders may present a considerable challenge in terms of controlling 

the quality of post processed powder as the sub yellow powders can be present in the 

large numbers within the powder bed and avoid detection as they are a very similar 

colour to the virgin powder as shown in Figure 60 and 61. These particles are most 

likely to occur in the heat affected zone where increased localised temperatures 

radiating away from the melt pool increase the temperature of the immediate 

surrounding powder. 
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Although the oxygen contribution from an individual particle from the sub yellow 

particles may be small and within the ASTM limits, large quantities of these particles 

may raise the bulk oxygen content of the powder considerably and bring the overall 

powder feedstock close to or above the ASTM limits for oxygen. 

 

 

 
Figure 61: L*a*b* colour measurements of the three bulk powders; yellow, blue and green. 

 

4.7 Effect of the surface oxide layers on laser absorption processing Ti-6Al-4V 
 

The spectroscopy results have revealed that there is a variation in results between a 

virgin powder particle and an oxidised particle (yellow and blue) in terms of reflectance. 

The intention of this section tries to understand whether the different reflectance 

values can significantly change the ability for the laser radiation to penetrate the oxide. 

It is worth noting that this section is used an indication rather than a way to obtain 

absolute values.  

 

According to the SEM results, it has been concluded that there is a surface oxide layer 
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0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

b

a

L*a*b* colour measurements of sub yellow oxygen affected 
powder 

200

300

400

Virgin



 140 

particle. King et al [155] proposed a simple model presenting the surface structure of 

a powder particle as shown in Figure 62. As the laser irradiates the powder bed, a 

proportion of the radiation is reflected, another part of it is absorbed by the surface 

oxide layer whilst the remaining radiation is absorbed or reflected by the metal matrix. 

The intensity I decays exponentially with the depth z as the absorbed laser radiation 

penetrates through the powder according to the Beer-Lambert law: 

 

 

 𝐼𝐼(𝑧𝑧) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(−4𝜋𝜋𝜋𝜋𝜋𝜋
λ

) (29) 

 

 

Where I is equal to [(1-R) x I0] and is defined as the intensity inside the surface after 

the reflection loss as shown in Figure 62. K is the extinction coefficient at given 

wavelength λ and d is the penetration depth across the metal matrix.  

Due to the extremely small extinction coefficient of Titanium oxide (TiO2) being close 

to 0, the calculated intensity of the laser almost does not decay across the oxide layer, 

suggesting that it is possible that the oxide layer on the particle surface does not 

significantly impede the radiation of the laser into the titanium powder matrix.  

It is important to note that Equation 1 assumes that the oxide species is uniform and 

is TiO2, it is a possibility that the oxide species may be a mixed Ti-Al oxide species. 

Additionally, Equation 1 also does not consider any contaminants or trace elements 

that may be present. However, this simple model gives an indication as to the effect 

of the oxide layer of TiO2 on the ability of laser to irradiate the metal matrix  

The Beer-lambert model was later used by Yan et al [156] to understand the effect of 

Fe2O3 surface oxide layers on the laser material interaction in SLM. The study 

concluded that the presence of the oxide layer on the powder surface does not impede 

laser radiation on the metal matrix and instead the oxide layer can enhance the effect 

of laser radiation absorptivity of the steel powder.  
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4.8 Chapter summary  
 
Chemical analysis suggested that below 400ºC oxygen pick up from heat treated 

powders is not significant and is still within Grade 23 specification below 0.2 wt %. 

However, above 400ºC, the oxygen contents increase significantly as the temperature 

increases peaking at 1.24 wt % for green powder. Yellow, blue and green were chosen 

for further analysis as the chemical analysis suggested that they represented, in the 

context of this study, the low, medium, and high points of the oxygen wt %, additionally, 

these colours are also commonly observed in post processed Ti-6Al-4V powder.  

 

Particle size distribution remained relatively consistent across the control (virgin), 

yellow and blue powder with slight differences across the Dv (90), Dv (50) and Dv (10) 

values and not significant change in particle size >45 µm with only a 1.93% change 

between virgin, yellow and blue. However, the green powder produced significantly 

different results, all size classes increased in value and the % of particles >45 µm 

increased 2.84% relative virgin. This increase is likely accredited to large oxide layer 

covering the surface of the particles and potentially agglomerates or oxide satellites 

distorting LSD measurements.  

 

Morphology analysis suggests that there is no significant change in powder 

morphology between virgin and yellow as they still display spherical particle with little 

Figure 62: A) Schematic of titanium powder particle B) Model of laser absorption at the surface of the titanium powder [9] 
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evidence of oxide scaling or satellites. However, the blue and green powder particles 

display evidence of oxide scaling and in particular, the green powder shows the 

presence of significant oxide satellites which would be detrimental to the SLM process 

as it would hinder the ability for the powder to flow and adversely affect powder packing 

density.  

 

Optical imaging showed that the bulk powder colour for yellow and blue matches the 

particle level colour and thus validated the artificial oxidation process used for this 

experiment. However, the optical micrographs showed that green powder bulk colour 

was not the same as the particle level and instead consisted of numerous different 

particle level colours. Numerous attempts were made to achieve consistency across 

bulk and particle level, however, without atmospheric control, this was not possible 

and thus a decision to not use green in further analysis such as the tensile builds was 

chosen in order to ensure reliability and validity of the results.  

 

Finally, the colour characterisation further complemented the optical microscopy as it 

showed that the bulk colours are different quantitively using LAB colour space and 

varied in reflectance measurements with yellow displays the high reflectance and blue 

displaying low reflectance. However, more interestingly, the LAB measurements 

showed that the sub yellow powder particles showed little difference in reflectance and 

LAB measurements suggesting that the oxide growth is not significant between virgin 

and <400ºC to change the colour of the powder particle. Section 4.6 suggested that it 

is likely that the oxide layers do not significantly impede the ability for the laser 

radiation to reach the titanium metal matrix. However, many assumptions were made 

using the Beer-Lambert equation. Chapter 5 further investigates the particle surface 

oxide layer and the oxygen contribution it has to the build process.  
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5.0 Influence of particle size on oxygen contribution in the build 
 

5.1 What is the purpose of the experiment? 

 
This chapter builds on the previously characterised oxidised powder particles in 

chapter 4 by investigating where the main oxygen contribution is located in the 

oxidised powder particles and if particle diameter has an influence on the amount of 

oxygen inside a particle.   

 

As previously discussed in chapter 4, if the larger oxidised particles are likely to be 

removed by the wiper/re-coater, then it is important to understand the impact of the 

remaining smaller oxidised particles by characterising the oxide layers and comparing 

the oxygen contribution between different particle diameters. Sieving separated the 

size classes of the oxidised powder and used microscopy techniques and inert gas 

fusion (LECO) to establish the material properties and chemical composition of the 

different size classes. The key findings from the investigations in this chapter will allow 

the development of the failure hypothesis.   

 

Testing and validating the hypothesis will feature building tensile bars with a layer of 

powder doped with oxidised particles, the specific details are explained in chapter 6. 

In order to accurately conduct these validation builds, it is important to investigate and 

quantify the oxidised particles.  

 

5.2 Particle size oxygen contribution  

This section investigates the relationship between the particle size class for coloured 

Ti-6Al-4V powder (yellow and blue) and the bulk oxygen contribution measured by the 

IGF technique (LECO).  

The data in Figure 63 and 64 was obtained via a series of sieving processes; 53µm, 

45µm, 32µm and 20µm. The yellow and blue oxidised powder passed through each 

of the previously mentioned sieve sizes and the oversize from each sieve process was 

collected and measured by the inert gas fusion (IGF) technique. It is important to note 



 144 

that no results were obtained for 53µm as there was not enough powder collected to 

gain a valid LECO result, this is likely due to the virgin powder PSD specification being 

15-45µm, this agrees with the PSD results in chapter 4.  

Figure 63 suggests that as the particle size distribution increases, the oxygen wt % 

decreases. Similarly, Figure 64 suggests that as the particle size distribution 

increases, the nitrogen wt % decreases. The larger surface area to volume ratio of the 

smaller powder particles allows the oxygen percentage of the powder to rise more 

rapidly. Therefore, as the smaller particles have a higher surface to volume ratio, so 

for a given oxide thickness the overall levels is higher. This suggests that powders that 

use a wide particle size distribution (PSD) with many small particles, to increase 

packing density, would have a greater problem with oxygen pick up.   

The errors bars in Figures 63 and 64 use the standard deviation of the IGF (LECO) 

results, the error bars appear smaller for the larger particles size (45µm) due to the 

lower surface area to volume ratio of these particles, resulting in lower variation in 

oxide thickness and thus lower deviation between O, N wt % values. 
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5.3 Comparison of oxide thickness relative to particle size  
 
The oxide layer thickness data in Figure 65 suggests that the thickness of the oxide 

layer is not affected by the particle size, the oxide thickness trend is consistent across 

all three size classes. These results are expected as the colour of the oxide is due to 

the interference phenomenon which suggests that to achieve a specific colour, the 

oxide thickness has to be within a certain range. The oxide thickness data also agrees 

with the known values of layer thickness to achieve the colour yellow and blue for the 

oxidation of Ti-6Al-4V [157][158][150]. The data in Figure 65 suggests that although 

the oxide thickness is not affected by the particle size, the time taken to reach the 

desired oxidation temperature may be affected by particle size.  

 

This would explain why the smaller particles have a slightly larger oxide thickness in 

comparison to the larger particles, but the difference is small around 10nm. This is 

likely due to the smaller particle having less mass resulting in a faster heating rate 

compared to the larger particles.  Therefore, the smaller particles will reach the desired 

oxidation temperature faster and potentially have a longer exposure time at this 

temperature in comparison to the larger particles. Although, it’s worth noting as the 

oxidation time was set at 60 minutes for the manufacture of the oxidised particles, it is 

likely that the difference in the time held at the desired oxidation temperature between 

the smaller and larger particles is small, resulting in a small difference between the 

oxide layer thickness as seen in Figure 65.  
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Figure 65: Relationship between oxide thickness (nm) and particle size (µm) 

 

Interestingly, comparing the data from Figure 63 and Figure 65, this suggests that 

although there is not a large difference in the oxide thickness across the different size 

classes for each coloured particle, the oxygen contribution of the smaller particles is 

still higher than the larger particles. This is likely due to the ratio of the volume of oxide 

to the volume of core particle, in the smaller particles, the oxide layer thickness is still 

relatively similar to the larger particles, however, the core particle is much smaller, 

therefore the overall oxygen contribution of the smaller particles is larger compared to 

the larger particles.  

 

To further understand why the oxygen contribution of the smaller particles is greater 

than the larger particles even though the oxide thickness is relatively similar, the 

volume fraction of oxide shell to whole particle with respect to particle size was 

calculated.  

 

The volume of the oxide was calculated using the average oxide layer thickness 

measurement for each coloured particle size class as shown in Figure 65. Utilising the 

calculated volume ratio, the mass fraction was calculated using the assumption that 

the density of the particle core is consistent throughout the material core and is the 
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same as established literature for Ti-6Al-4V (4430000 g/m3). The same assumption is 

applied to the oxide shell that the density is consistent throughout the layer and the 

oxide is TiO2 (4230000 g/m3), although the oxide probably is a mixed oxide with traces 

of Al2O3 [61]. It is important to note that these calculations make numerous 

assumptions of ideal conditions such as a uniform oxide phase and material density, 

in reality they are used to illustrate the trend of the relationship between the mass 

fraction and the particle size, these values cannot be considered absolute values. 

 

Figure 66 shows that for all three coloured particles, the smaller particle size class 

(20µm) have the highest mass fraction ratio of oxide shell to whole particle at 0.056 

compared to 45µm size class with a mass fraction of 0.025, suggesting that the smaller 

particles may pose a significant problem for the build process as they have a large 

quantity of oxide relative to the particle size. This likely due to the high surface area to 

volume ratio but any oxide defects are going to be less for smaller particles.  

 

 

 
Figure 66: Relationship between mass fraction ratio of oxide shell to whole particle with respect to coloured particle size 
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This data in Figure 66 can be utilised in order to calculate the concentration of oxygen 

in the oxide layer with respect to the whole particle by multiplying the values obtained 

by a known mass percent of oxygen in TiO2 phase (40.066%) [159]. It is important to 

note that the calculated data shown in Figure 67 is calculated based on oxide thickness 

measurements as shown in Figure 65, however this calculation carries the error 

associated in Figure 66 based on a set of assumptions as previously discussed 

alongside a new assumption used for this calculation that the oxygen mass percentage 

is exactly 40.066% as suggested in literature [159].  

 

 
Figure 67: concentration of oxygen in oxide layer with respect to the whole particle 

 

Figure 67 shows the calculated concentration of oxygen in the oxide layer with respect 

to the whole particle. Interestingly, the calculated data shows similarity to the 

measured oxygen wt % of the different size class oxidised powder as shown in Figure 

63.  

 

The calculated data suggests that at 20µm, the yellow and blue are 0.45 wt % and 

0.84 wt % respectively compared to a bulk powder measured value using IGF of 0.439 

wt % and 0.779 wt % as shown in Figure 67. Similarly, the calculated values for 32µm 
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are 0.149 wt % and 0.47 wt % compared to the bulk powder measured values using 

IGF in Figure 67 at 0.339 wt % and 0.602 wt %. Finally, the 45µm size class measured 

values were 0.14 wt % and 0.31 wt % compared to bulk powder measured values 

using IGF in Figure 67 at 0.2 wt % and 0.5 wt %.  

 

Although the data in Figure 67 utilises IGF which is a bulk analysis technique, this 

suggests that the calculated data is within range of the measured values. Additionally, 

it’s reasonable to assume given the data thus far that the largest oxygen contribution 

comes from the oxide shell as opposed to the core particle.  

 

The data obtained thus far suggests that the smaller particle size class for each colour 

have a greater percentage of oxide present due to the high particle surface area to 

volume ratio. Therefore, using the same FIB process for oxide measurement, a 10 µm 

particle of the green powder colour was selected to show how the oxide layer forms 

on smaller particles. Figure 68A shows a SEM micrograph of a single green Ti-6Al-4V 

particle with evidence of a rough surface finish associated with an oxide film alongside 

the presence of oxide satellites. Figure 68B shows the cross-sectional view of the 

milled particle showing formed pores on the oxide interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 69A shows a high magnification micrograph of the oxide layer with satellites 

present on the surface, the oxide thickness is measured to average around 260nm for 

Figure 68: A) Green Ti-6Al-4V chosen for investigation. B) Cross sectional view of the blue Ti-6Al-4V powder particle. 

A 
 

B 
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the layer excluding the satellites. The oxide satellite extends the oxide thickness for 

that section to measure 1.37µm which is considerably larger than that measured for a 

particle size of 20µm with an average layer thickness of 190nm.  

 

Figure 69B shows an EDX map of the elements present within the cross section and 

was used to understand the oxygen distribution in both the oxide layer and the core of 

the particle. The EDX map shows the oxygen is concentrated in the oxide layer on the 

surface of the particle and has a high concentration in the oxide satellites. Interestingly, 

Figure 69B shows oxygen is present throughout the core suggesting that oxygen may 

have diffused into the core of the Ti-6Al-4V particle. It is reasonable to assume that 

the oxygen is present interstitially within the alloying elements in the core of the 

material but is still significantly less present in the core in comparison to the oxide 

layer. It is likely that the main oxygen contribution comes from the oxide layer, this 

would also agree with Figure 67.  

 

The presence of oxide satellites significantly increases the local oxide thickness by up 

to 80% as shown in Figure 69A. This could result in the powder particle not fully fusing 

to the surrounding material and remaining as a partially fused particle in the build layer 

acting as a mechanical flaw and increasing the risk of crack propagation. Alternatively, 

the oxide may break up into numerous smaller residues and stir up into the build layer 

creating problematic microstructures.  

 

It is also possible that the laser interaction vaporises the oxide and enters the gas or 

dissolves and enters the molten liquid. If the oxide enters the molten liquid and 

dissolves into the surrounding material, this is likely to change localised microstructure 

and mechanical properties. It is also likely that that the oxide is broken up under the 

laser interaction and stirred into the melt pool under the Marangoni forces and resulting 

in oxide residue/films being present within the surrounding build layers microstructure. 

An investigation into oxide formation in aluminium alloys in SLM by Louvis et al [160] 

showed that the oxide may break up and stir into the surrounding layers present 

problematic microstructures detrimental to the build.  
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Figure 70A shows a high magnification micrograph of a blue oxidised particle with no 

apparent satellites on the surface. Figure 70B shows the cross-sectional view of the 

milled particle.  
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Figure 70: A) High magnification micrograph of blue Ti-6Al-4V particle B) Cross sectional view of FIB milled particle 
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Figure 69: A) High magnification cross sectional view of the oxide layer showing oxide satellites B) EDX map of the cross-sectional view 
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Figure 70A shows a high magnification micrograph of the oxide layer on the particle 

surface of Figure 70B showing evidence of small pores (~5-10nm) denoted by the red 

circles. The oxide thickness measured an average of 80nm which agrees with the 

oxide thickness data in Figure 64 for a particle size of 20µm.  

 

Figure 71B shows an EDX map of the elements present within the cross section and 

was used to understand the oxygen distribution in both the oxide layer and the core of 

the particle. Similar to Figure 69B, Figure 71B shows the presence of oxygen in core 

of the material but its significantly more concentrated within the oxide layer. It’s 

important to note that the EDX mapping does not yield absolute values and in mainly 

used as a qualitative technique to illustrate where the elements are concentrated. In 

this case, it is used to show how the oxygen concentration is significantly higher within 

the oxide layer compared to the core of the material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

5.4 Comparison of oxygen contribution between particle core and oxide layer 
 

Further investigations of the oxygen contribution with respect to particle size were 

conducted via EDS line scans of the particle cross sections comparing the material 

core and oxide shell. Each coloured particle size class was cross sectioned via the 

B 
 

A 
 

Figure 71: High magnification micrograph of oxide layer on blue Ti-6Al-4V particle B) EDX mapping of oxide layer interface 
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FIB milling process and measured using EDS line scan to correlate the relationship 

between the oxygen contribution and particle size. To understand whether the main 

contribution of oxygen comes from the core or the oxide layer, 20µm diameter particles 

were compared with 45µm, because in the context of this study, these represent the 

lower and upper size class limits. 

 

The three EDS line plots comparing the oxide layer to the particle material core for 

20µm and 45µm coloured particles show similar data in terms of oxygen peak 

locations. However, the overall oxygen wt % of the line scan data in Figures 72-75 

shows slight variation in oxygen content between particle size with the smaller particle 

sizes typically yielding the highest oxygen wt % in the oxide layer in comparison to the 

material core for the EDS line scan summary.  

 

It is important to note that EDS analysis detection limit of EDS for bulk materials is 

usually 0.2-0.5 wt % and therefore cannot detect trace elements <0.2 wt % [161]. 

Additionally, the surface conditions of the region of interest for the EDS analysis can 

hinder the detection limit, the smoother the surface, the lower the detection limit. In the 

case of this data, the surface is relatively smooth as the FIB process cleans the surface 

with the Ion beam to ensure detection is optimal. Major and minor elements can be 

detected by EDS with different detection limits, concentrations between 1 wt % and 10 

wt% (Oxygen, nitrogen) are considered to be the minor concentrations and above 10 

wt % (Titanium) are considered to be the higher concentrations [161].  

 

Yellow: 

 

The yellow 20µm particle EDS line scans shows that the oxygen contribution in the 

core of the material is consistent throughout and remains at relatively low levels in 

comparison to the oxide layer as shown in Figure 72. Between 0µm (core of particle 

material) and 3.7µm (material surrounding the oxide layer), the oxygen content in the 

core of the material does not change with respect to distance from the oxide interface. 

In contrast, the oxide layer shows a rapid increase in oxygen content from 3.7µm and 

peaking at 3.9 µm. The oxygen increase occurs over a 0.2µm distance before it peaks, 

the oxide thickness measurement data for the smallest yellow particle size class 

suggests that the average layer thickness is around 20nm. Therefore, this suggests 
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that around 0.18µm of core material closest to the oxide layer has a higher oxygen 

content relative to the remaining material in the core.  

 

It is important to consider the effect of the sample shape in this analysis as it is 

effectively a cut sphere which can affect the signal received towards the edge of the 

sample. This is due to the sample thickness from the edge of the sphere to the centre, 

whereby the penetration depth of the beam for the generation of X-rays may go 

through the whole material where it is at its thinnest (the edges). Beam penetration 

depth can be several um’s depending on beam conditions (voltage/current) and the 

density of the material, in this case, Ti-6Al-4V. Therefore, this would mean that the X-

ray counts generated from the edge of the sphere will be a lot fewer than those from 

the centre. At the edge it is possible to get signal from the substrate/carbon tape as 

well as background signal. Signal from the centre of the sphere will be more reliable, 

and also come from deeper in the sample. This is true for all the samples analysed 

using the EDS line scans throughout this chapter.  

 

Additionally, the escape of low energy x-rays near the edge is a problem worth 

considering, if the beam goes all the way through the sample (i.e. transmission) if its 

thin enough at the edges and this can cause an increase in background radiation 

(bremsstrahlung or braking radiation) [162][163]. This background radiation can be 

considered low energy and therefore can interfere with low energy x-rays from low Z 

elements. It is also possible to detect radiation effects if the peak transmits through 

the sample and hits other materials such as the substrate. 

 

This suggests that the oxygen dissolves into the localised core material around the 

oxide layer, however, the oxygen content of the oxide layer is still significantly higher 

than that of the bulk core material and core material surrounding the oxide layer.  
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Similar to the yellow 20µm particle results in Figure 72, the line scan in Figure 73 for 

a 45µm yellow particle shows a consistent oxygen level throughout the core of the 

material (0µm-2.8µm) with no noticeable difference in CPS throughout the core 

material compared to the 20µm yellow particle. The oxygen peak starts to increase at 

2.8µm rising rapidly as the scan enters the oxide layer and the material close to the 

oxide layer until a distance 3µm is achieved where the peak rapidly decreases as the 

line scan enters the resin. By comparison with the results in Figure 72, there is 

noticeable difference in the oxygen content within the core of particles material. The 

results show a similar trend as the line scan approaches the oxide layer on both the 

20µm and 45µm particle as the immediate surrounding material next to oxide layer 

shows a slight increase in oxygen content followed by a sharp oxygen peak as the 

scan enters the oxide layer. Additionally, the oxygen wt % for the 45µm (3.06 wt %) 

yellow particle is slightly lower than 20µm particle (3.26 wt %) showing little difference 

between the size classes.  

 

Figure 72: EDS line scan of 20µm yellow Ti-6Al-4V powder particle cross section with elemental wt % tabulated. 
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The comparison of the results in Figure 72 and 73 for the 20µm and 45µm yellow 

particles suggest that the main oxygen contribution comes from the oxide layer 

showing little difference in oxygen within the core of the material between both size 

classes. The results also suggest a slight increase in oxygen is present in the 

surrounding material next to the oxide layer across both the 20µm and 45µm particles.  

 

 

 

Blue: 

 

The blue 20µm particle shows a consistent oxygen content throughout the core of the 

particle material (0µm-3µm) which is significantly lower in comparison to the oxide 

layer as shown in Figure 74. The oxygen content begins to rapidly increase between 

2.9-3.0µm as the scan enters the oxide layer and peaks at 3.1µm before rapidly 

decreasing around a distance of 3.15µm as the scan leaves the oxide layer and enters 

the resin.  

 

Figure 73: EDS line scan of 45µm yellow Ti-6Al-4V powder particle cross section with elemental wt % tabulated. 
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Similar to the blue 20µm particle results in Figure 74, the line scan for a 45µm blue 

particle in Figure 75 shows a consistent oxygen level throughout the core of the 

material (0µm-3.4µm) with no noticeable difference in CPS throughout the core 

material compared to the 20µm blue particle.  

 

The oxygen peak starts to increase around 3.5µm rising rapidly as the scan enters the 

oxide layer (3.6-3.7µm) and the material close to the oxide layer (3.5-3.6µm).  The 

oxygen peak rapidly decreases around 3.7µm as the line scan leaves the oxide layer 

and enters the resin. By comparison with the results in Figure 74, there is noticeable 

difference in the oxygen content within the core of particles material.  

 

The results show a similar trend as the line scan approaches the oxide layer on both 

the 20µm and 45µm particle as the immediate surrounding material next to oxide layer 

Figure 74: EDS line scan of 20µm blue Ti-6Al-4V powder particle cross section with elemental wt % tabulated. 
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shows a slight increase in oxygen content followed by a sharp oxygen peak as the 

scan enters the oxide layer. Additionally, the oxygen wt % for the 45µm (3.90 wt %) 

yellow particle is slightly lower than 20µm particle (4.9 wt %) showing a difference of 

1 wt % between the two size classes.  

 

 

 

 

Green: 

 

Similar to yellow and blue, the oxygen content for the green 20µm powder particle 

remained consistent throughout the core material of the green particle (0µm -2.9µm) 

and is significantly lower than the oxide layer as shown in Figure 76. The oxygen 

content begins to rapidly increase at 2.9 µm as the line scan enters the oxide layer 

and peaks at 3.0 µm. The oxygen peak rapidly decreases at 3.1µm as the scan enters 

the resin.  

 

Figure 75: EDS line scan of 45µm blue Ti-6Al-4V powder particle cross section with elemental wt % tabulated. 
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Similar to the green 20µm particle results in Figure 76, the line scan for a 45µm green 

particle in Figure 77 shows a consistent oxygen level throughout the core of the 

material (0µm-2.9µm) with no noticeable difference in CPS throughout the core 

material compared to the 20µm green particle.  

 

The oxygen peak starts to increase around 3.0µm rising rapidly as the scan enters the 

oxide layer (3.0-3.15µm) and the material close to the oxide layer (2.9-3.0µm).  The 

oxygen peak rapidly decreases around 3.7µm as the line scan leaves the oxide layer 

and enters the resin. By comparison with the results in Figure 76, there is no noticeable 

difference in the oxygen content within the core of particles material.  

 

The results show a similar trend as the line scan approaches the oxide layer on both 

the 20µm and 45µm particle as the immediate surrounding material next to oxide layer 

shows a slight increase in oxygen content followed by a sharp oxygen peak as the 

scan enters the oxide layer. Additionally, the oxygen wt % for the 45µm (5.69 wt %) 

yellow particle is slightly lower than 20µm particle (6.23 wt %) showing a difference of 

0.54 wt % between the two size classes.  

 

Figure 76: EDS line scan of 20µm green Ti-6Al-4V powder particle cross section with elemental wt % tabulated. 
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The EDS line scan data has significantly aided the understanding of where the main 

source of the oxygen contribution comes from within the coloured powder particles. 

The data suggests that the oxide layer is the main contributing factor for the oxygen 

measurement and the core only accounts for small amounts of oxygen, relative to the 

oxide film. An important finding from this data suggests that the oxygen does dissolve 

into the core material from the oxide layer, however, the distance over which the 

elevated oxygen levels are detected are relatively small in comparison to the diameter 

of the particle. It is also possible that this is a sampling volume effect, and potentially 

an effect of getting closer to the surface where x-rays can escape.  

 

5.5 High resolution imaging of oxide layer   
 
Scanning transmission electron microscopy was used to image and quantify the 

oxygen present in the oxide interface between core material and oxide shell in a blue 

Ti-6Al-4V particle with a diameter of 20 µm. Utilising an in-situ FIB lift out process, 

TEM lamella samples were produced of the blue coloured Ti-6Al-4V powder particle 

Figure 77: EDS line scan of 45µm green Ti-6Al-4V powder particle cross section with elemental wt % tabulated. 
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to understand the oxide structure on the particle surface and whether the oxide 

remains on the surface or diffuses into the core of the particle.  

 

This information is essential in forming the failure hypothesis as it further aids 

understanding whether the majority of the oxygen contribution is from the oxide shell 

or the core material. A combination of high-resolution imaging on the aberration 

corrected JEOL 2100f, EDS mapping and EELS were utilised to analyse the interface 

between oxide shell and the core material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 



 163 

5.5.1 Interface between oxide shell and core   
 
Figure 78 displays a dark field (DF) and bright field (BF) micrograph of the particle 

core and oxide interface of the blue powder particle. The image displays a thin oxide 

layer present on the surface of the particle core. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 79 shows an EDX map of the elemental distribution of oxygen and aluminium 

in blue particle lamella. Figure 79A displays a distinct layer of oxygen atoms covering 

the surface of the lamella which is conclusive with the location of the oxide layer. 

Additionally, Figure 79A shows the presence of oxygen atoms distributed throughout 

the core material, suggesting that the oxygen is in solid solution with the alloying 

elements. Figure 79B shows the elemental distribution of aluminium, there is a varied 

distribution of Al elements present throughout the core in solid solution with the other 

elements. Interestingly, there is a distinct layer of Al on the oxide/gas surface, 

suggesting that the oxide is probably a mixed Ti-, Al-oxide. The presence of aluminium 

makes the oxide less likely to dissolve as Al2O3 is more thermodynamically stable than 

TiO2.  

 

 

 

Figure 78: High resolution TEM micrograph of oxide interface of blue powder particle in both Annular dark field (ADF) and 
bright field (BF) illumination. 
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Figure 80 displays a high magnification micrograph of the blue particle oxide interface. 

The micrograph shows nano-pores across the oxide interface varying in size (5nm) as 

depicted by the red circles. This suggests that the density of the oxide may not be 

uniform. This may be an interesting finding as it may affect how the oxide breaks down 

under the laser interaction as the structural integrity of the oxide may be adversely 

affected resulting in oxide residue breaking off into the melt pool under the laser 

interaction. This would be detrimental to the build quality as the oxide residue may be 

stirred into the melt pool by Marangoni forces changing localised microstructure or 

acting as a mechanical flaw if the residue remains intact within the build layer. 

Alternatively, the oxide may vaporise into the gas flow instead of being stirred into the 

melt pool.     

A 
 

B 
 

Figure 79: EDS mapping of the oxide interface showing oxygen (green) and aluminium (grey) mapping. 
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Core  
 

Oxide   
 

Figure 80: TEM micrograph of oxide interface at high magnification showing 
nano-pores depicted by red circles. 
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5.5.2 Electron energy loss spectroscopy (EELS) analysis  
 

Figure 81 displays a high magnification micrograph of the interface between core 

material and oxide of the blue powder particles. Two regions of interest were selected 

to conduct electron energy loss spectrometry (EELS) in order to understand the 

elements, present and the phase of the oxide. Region A was selected as it represented 

the core Ti-6Al-4V material and region B was selected as it represented the oxide 

layer.  
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Figure 81: Micrograph of region of interest for EELS analysis; A is the core of 
material and B is the oxide layer. 
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It’s important to note that although EELS analysis produces a better signal to noise 

ratio and higher spatial resolution for light elements in comparison to EDS, the analysis 

is limited to around 0.1 wt % for detecting elements such as oxygen similar to EDS. 

Additionally, the quality of the data is highly dependent upon the thickness of the 

sample. In the case of this experiment, the sample was around 40nm thick, a thinner 

sample would improve data accuracy however, further thinning of the sample risked 

damaging the Pt coating protecting the surface of the lamella which was essential for 

imaging the oxide interface.  

 

The TEM cameras in the JEOL 2100F used for this analysis were calibrated using gold 

which has known lattice spacings. The diffraction ring pattern is used to identify the 

known crystal planes which is used to calibrate the camera length, and hence the scale 

bar that is present in the micrographs. Although this is an established accurate 

technique, there is a degree of error through the operation of the microscope due to 

potential defocus and stigmatism which can distort the lattice parameter 

measurements. 

 

Figure 82 (Location A) illustrates the EELS spectra located in the core of the particle 

with no apparent oxide peak present. The sharp peak at 460eV suggests a TI-L3,2 

edge. The remaining pattern shows no distinctive pattern conclusive with any known 

values for Titanium oxide and no distinctive O peak. Therefore, this suggests that 

although there no oxide phase present within the core of the shell and although oxygen 

may be present within the core material, it is not abundant enough to register a peak 

at the known value of O K-edge (532eV).  
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Figure 83 (Location B) illustrates the EELS spectra obtained from the oxide layer. The 

sharp peak at 460eV suggests a TI-L3,2 edge. The O K-edge peak in Figure 83 is 

around 530eV which is conclusive with known value for Oxygen K-edge (532eV) in 

TiO2. This not only confirms the presence of oxygen within the region of interest but 

also suggests information on the phase of the oxide. The pattern displayed between 

530ev and 600ev is similar with known patterns for TiO2 (anatase and rutile) in a study 

of O K EELS spectra of titanium oxide phases by Stoyanov et al [164].  

 

However due to extremely similar values of O K-edge values between rutile and 

anatase, atomic spacing measurements were used to try and determine which oxide 

phase was present. The atomic spacing measurements of the oxide at high resolution 

measured around 2.9 Å for the C-unit length suggesting the phase was indicative of 

rutile, however, the atomic spacing measurements vary across the oxide suggesting 

that the oxide phase was not uniform and potentially was a mixed Ti-Al oxide as 

previously suggested. Therefore, it is important to acknowledge a degree of 

uncertainty within the results in terms of quantifying the exact oxide species, however, 

the data suggests that there is a TiO2 rutile phase present throughout the oxide but 

may vary in phase by location due to the alloying elements such as Aluminium.  

Stoyanov et al suggested that the Ti valence state for TiO2 rutile is Ti4+[164]. 

 

 

Figure 82: EELS spectra for location A (Material core) 
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Similar results were reported by Diamanti et al [150] investigating thermally oxidised 

titanium at 400°C, 500°C, 600°C and 700°C. The study found that for the 400°C and 

500°C oxidised titanium powder, the dominant phase was anatase and the for the 

600°C and 700°C titanium powder, the dominant phase was rutile. Figure 82 and 83 

show the results for a blue powder particle which is oxidised at 650°C, the results 

suggest that it is likely that the blue powders dominant phase is rutile and based upon 

the similar findings from Diamanti et al [150] , it is likely that the yellow powders 

dominant phase is anatase. This is likely because macrocrystalline rutile is the 

thermodynamically stable structure of TiO2, whereas anatase a metastable phase and 

due to the nil transformation kinetics is stable at room temperature [165].  

 

 

 
 

5.6 Chapter summary  
 
This chapter investigated the relationship between coloured particle size and the 

associated oxygen contribution. Additionally, the source of the oxygen contribution 

was investigated to understand whether the main oxygen contribution came from the 

oxide layer or the core and how significant the levels in each with respect to the particle 

size.  

 

Figure 83: EELS spectra for location B (oxide layer) 
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This data gathered in this chapter gives a better understanding of the oxygen 

contribution on a particle level, however, in terms of the powder bed, there will always 

be a distribution of different powder particles sizes and thus the number of particles 

from a particular size class may vary. Therefore, understanding the contribution of 

each size class was essential and the findings suggest that a higher distribution of 

smaller coloured particles could pose a significant problem in reused powder 

feedstock as the oxide layer is large relative to the particle size.  

 

This could be detrimental to the build process as the oxide layer covering the particle 

could act as a mechanical flaw as the particle or oxide residue may remain unfused 

within the build layer as the laser beam interaction may not be sufficient to melt the 

powder particle, increasing the risk of porosity and crack initiation. Additionally, the 

oxide could pose a chemical flaw within the build if sufficient quantities of oxygen are 

dissolved into the surrounding build layers, locally changing the microstructure to the 

detriment of the build component.  

 

These findings have been key to forming the failure hypothesis and suggest that 

although oxygen may dissolve into the core of the material, the oxide layer is likely to 

be more significant in terms of detrimentally effecting the build as opposed to the whole 

particle as it contains the largest quantity of oxygen. Particle size is a main 

consideration to the failure hypothesis and thus any quality control methodologies 

developed for post processed powder need to consider particle size distribution when 

assessing the impact, the coloured particles in reused feedstock.  

 
To fully understand the impact that the oxidised particles have on the build process, a 

validation investigation is required using tensile builds with a doped layer of each 

coloured powder.  The tensile builds will aid understanding of how the oxide layer acts 

under the laser beam interaction and whether it will evaporate, dissolve into the 

surrounding build layer (chemical flaw) or remain intact either in the form of oxide 

residue in the build layer or on the surface of the powder particle creating mechanical 

flaws.  
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6.0 Failure analysis 
 
This chapter highlights the failure hypothesis and discusses the validation 

investigation results of the control and doped tensile build specimens. In order to test 

and validate this hypothesis, tensile specimens were built with a doped layer of 

blended virgin + coloured particle to simulate an out of specification region within the 

build. (The details of how this was achieved in terms of loading the feeder, build 

methodology and oxygen calculations are explained in detail in section 3.5.1) Tensile 

testing was used to understand the mechanical properties of the control build 

compared to the doped builds. SEM imaging investigated the fracture surface to 

understand the type of failure mode, identify any areas of interest and investigate the 

microstructure. The findings of this chapter will test the failure hypothesis and try to 

establish the root cause of the tensile failure whether it agrees with the hypothesis or 

failure occurred due to a separate mechanism.  

 

6.1 Failure hypothesis  
 

It is well known that most metal powder increases in oxygen as the number of reuses 

increase in the LPBF process [6]. Conventionally, this is measured using Inert gas 

fusion (IGF-IR spectroscopy) to monitor whether a powder batch is within specification. 

However, this process is a bulk analysis technique and cannot detect local variance in 

oxygen within the powder bed or quantify the presence of heavily oxidised particles. 

In reality, bulk powder measurements may disguise significant deviations from the 

acceptable limits and fail to detect heavily oxidised particles within the powder bed, 

which could have significant implication on build quality.  
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Figure 84 illustrates a situation where heavily oxidised particles are present within a 

bulk powder sample used for quantification by Inert gas fusion (IGF-IR spectroscopy). 

Within the whole sample analysed the number of oxidised particles is low enough for 

the powder to be in specification. However, if a smaller volume of powder was 

measured, it is possible that some local regions with be out of specification, and this 

may have implications for structural integrity of the final build. This effect would be 

most likely to have a significant effect where the oxidised material is incorporated into 

thin walled/small cross-section applications, causing a sudden change in 

microstructure and properties.  

 

An example of this is shown in Figure 85, as built virgin Ti-6Al-4V tensile specimens 

with the heat affected zone powder still surrounding the parts. Virgin powder is 

compositionally homogenous when it enters the build chamber, however as the 

powder is reused, understanding the chemical homogeneity of the powder is critical to 

have consistent final built material properties. Figure 85 suggests that the powder is 

not compositionally homogenous as the heat affected zone around the built part shows 

discolouration suggesting that oxidised particles are present within the build.  

 

 

 

Figure 84: Schematic of how heavily oxidised particles can be present within a batch of powder, but the bulk powder 
measurement still be within specification 
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If these particles can be removed, then the problem is less prominent. However, if the 

particles fall within the particle size distribution of the powder specification and are not 

removed by the manufacturers sieving process, these particles will be incorporated 

into subsequent builds and regions of inhomogeneity may lead to variation in material 

performance across the build.  

 

 

 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NOTE: Figure 85 is from a Grade 23 Ti-6Al-4V powder degradation study conducted 

by Carpenter Additive in parallel to this project.  

 

 

 

 

 

 

 

 

Figure 85: Image of heat affected zone powder surrounding Ti-6AL-4V parts inside the 
TRUMPF TruPrint 1000.  
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Figure 86 illustrates an out of specification region within a tensile build that could lead 

to a local change in the material properties, generate structural defects and 

significantly affect the build mechanical properties, the oxidised particles creating 

unfused powder, oxide films or locally changing the chemical composition of the alloy. 

It is the testing of this idea that forms the basis for the work presented in this thesis. 

That a local, out of specification, region of powder within an SLM build can be as 

important to the mechanical properties of the final build as a general ‘out of 

specification’ powder, and that diluting used powder with fresh powder to put the bulk 

composition into specification may not avoid problems on powder reuse. Although the 

oxidised powder is diluted using virgin Ti-6Al-4V powder, there is still oxides present 

within the powder and they can become concentrated, in the case of a build with a 

thin-walled section or fine geometries, this would greatly change the material 

properties and could result in premature failure if subjected to loading conditions.  

 

The hypothesis comes from the observation of oxide particles in recycled powder 

which are not removed by sieving. The hypothesis of this work is that the high oxygen 

content and oxide films on the particles locally alters the build layers, having a 

detrimental effect through two mechanisms; The first is a chemical flaw as oxygen 

dissolves into the surrounding material from the oxide film and remains interstitial 

within the localised build layer material decreasing ductility and increasing 

embrittlement. Secondly the laser beam may not have sufficient energy to melt or 

Figure 86: Schematic of out of specification region of powder within the build, the blue and yellow particles represent 
oxidised powder particles and the grey represent Ti-6Al-4V powder within ASTM limits.  
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vaporise oxide on the particle so it either remains unfused within the build or the 

particle melts and is incorporated but the oxide film is stirred into the melt pool in the 

form of oxide residue, creating problematic localised microstructures within the build.  

 

6.2 Validation experiment and results  

 

6.2.1 Tensile Build Methodology 

Based upon industrial powder evolution studies and post processing optical images of 

Ti-6Al-4V powder from Carpenter Additive, oxidised particles of interference colour 

yellow and blue were chosen for further analysis as they occurred frequently within 

post processed powder and represent, in the context of this study, a low oxygen wt % 

(yellow) and a high oxygen wt % (blue). 100g of yellow and blue oxidised Ti-6Al-4V 

were manufactured to have sufficient powder for characterisation and tensile bar 

builds.  

 

 

 

 

 

 

 

 

 

 

Figure 87: Diagram of experimental design to simulate local concentration of high oxygen wt% particles within volume of ASTM B348 Gr 23 Ti-6A4V 
powder 

   

  

A B C 
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Figure 87 illustrates all the main stages of the experiment. Figure 87A shows a cross 

section of the powder bed with virgin Ti-6Al-4V (grey) and a 5mm layer (red) of virgin 

powder doped with oxidised particles at a known level in the build as shown in Figure 

88. Doping of the oxidised powder in the feeder was performed in three stages; Firstly, 

the feed piston was dropped to a level required for the full build (a function available 

on the TruPrint 1000) and the piston was filled with virgin Ti-6Al-4V powder with a 

known quantity of powder shown in Table 5 and levelled so that the top of the volume 

was flat - as shown in Figure 87A. Secondly, the total mass of the blended coloured + 

virgin powder as shown in Table 5, was added into the piston and the powder levelled 

to ensure an even distribution of the doped layer. Lastly, the remaining volume of the 

feeder piston was topped up with virgin Ti-6Al-4V powder and levelled. The blended 

dope layer mass was pre-blended at a 70:30 mass of virgin to mass of colour ratio 

prior to adding it into the piston, Table 6 shows all the blending mass information. It is 

important to note, the doped layer thickness was determined by the mass of the doped 

blend added into the piston, the doped layer will be present across multiple build layers 

in the SLM build creating an out of specification region within the build to show the 

effect of oxidised particles on the final build quality.  
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Table 5: Minimum quantity of powder required for feedstock chamber to complete doped tensile builds 

Section of Feedstock 
chamber 

Volume 
(cm3) 

Powder 
required (g) 

Powder condition 

A 157 394  Virgin 

B (Doped layer) 40 100  Blended Virgin + Doped 

C 259 651  Virgin 

NOTE: Calculations for Table 5 are based on a build plate diameter of 100mm 

(TRUMPF TruPrint 1000) and a measured apparent density of 2.51g/cm3 for virgin 

Grade 23 Ti-6Al-4V.  

Figure 87B illustrates the tensile builds; The first production batch was the control and 

used virgin Ti-6Al-4V powder throughout the whole build to understand the mechanical 

properties of the virgin material. The second batch was the yellow doped layer build 

Figure 88: Stacking arrangement for doped tensile builds 
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(low wt % oxygen) and finally the third production batch was the blue doped layer build 

(high wt % oxygen).  

Figure 87C illustrates the expected difference from the control build (failure within 

gauge length) compared to the doped layer builds (failure in doped layer). The tensile 

testing was conducted according to ASTM E8-16a [166], utilising a dual averaging 

extensometer at 21°C.  

Table 6 displays the information on the oxygen wt % for each powder condition. The 

virgin powder was used for the control build and was also used for the doped layer 

builds. As shown in Figure 88, the feedstock chamber was layered in three stages, 

firstly virgin powder, secondly a doped layer with some oxidised powder, finally a layer 

of virgin powder. In Table 6, the weight percentage of oxygen was measured using the 

IGF combustion method, the values were obtained using triplicate testing to gain an 

average result for the oxygen wt %.  

 
Table 6: Oxygen wt % for doped powder layer blend. 

Detail IGF Value (wt %) 

O wt % of virgin 0.091 

O wt % of Yellow powder 0.361 

O wt % of Blue powder 0.737 

Total bulk O wt % of virgin + Yellow (Whole build volume) 0.096 

Total bulk O wt % of virgin + Blue (Whole build volume) 0.103 
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Table 7: Mass of powder required for blended oxidised powder layer. 

Total mass of powder (Kg) 1.6 

Powder  Mass of oxidised 

powder (Kg) 

Mass of virgin 

powder (Kg) 

Mass of virgin 

required for 

blend (Kg) 

Total mass of 

doped layer 

blend (Kg) 

Yellow 0.030 1.50 0.070 0.100 

Blue 0.030 1.50 0.070 0.100 

 

As shown in Table 7, the total mass of powder for the whole build volume was 1.6kg. 

The doped layer was a fixed mass of 100g of blended powder, the mass of coloured 

powder was also fixed at 30g for both yellow and blue doped builds keeping the 

number of flaws in each build the same. The fixed mass of coloured powder enabled 

the total oxygen wt % for the whole build volume to be very similar (difference of 0.007 

wt %) as shown in Table 7. The effect of the oxidised powder will be somewhat 

exaggerated as the doped regions are out of the powder specification, but a similar 

effect could occur in thin sections where a few oxidised particles are present. In effect, 

when considered at a bulk level the total powder volume would be within specification, 

however in a local region it is out of specification. 

A dual averaging extensometer was used to conduct tensile testing at a temperature 

of 21°C. Tensile bars were tested from each build; control, yellow and blue which all 

adhered to ASTM E8-16a [166]. The specimens were tested in strain rate control at 

the first rate to beyond yield (0.005mm/mm/min), then the second rate was adopted 

(0.050 mm/mm/min) after the extensometer was removed.    

The as-built tensile specimens were built using the dimensions illustrated in Figure 89, 

a cylinder was built using a TRUMPF TruPrint 1000, build parameters; laser power 

175W, scan speed 900mm/s, hatch spacing 90µm, layer thickness 30µm and meander 

scan strategy. The oxygen level in the protective gas was kept below 100ppm 

throughout the build process. 
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Figure 89: Technical drawing of cylindrical tensile bars 

 

The as built tensile bars were machined, and heat treated by Westmooreland 

Mechanical testing and research Ltd adhering to ASTM E8-16a [166] as shown by 

Figure 90. The specification chosen for the tensile build is denoted by the red box in 

Figure 90.  An M6 thread was machined onto the end of the shoulders to attach to 

tensile testing jaws, the total length of the tensile specimen was 55mm.  
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Figure 91 displays an image of the control build on the TRUMPF TruPrint 1000 build 

plate. The ‘as built’ specimens are 55mm length and 9.5mm diameter cylinders which 

were machined post process and heat treated by Westmoorlands Mechanical Testing 

and Research Ltd into the dimensions as seen in Figure 91.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 90: Schematic of tensile test specimen adhering to ASTM E8/E8M-16A, the red dashed box denotes the specimen dimensions chosen. [161] 
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Figure 92 shows the results of the as built dimensions for the virgin tensile specimen. 

Figure 92A shows the total length of the as built tensile specimen excluding the support 

structures used in the build process displaying a length of 55.23mm compared to an 

expected length of 55mm. Figure 92B shows the total length of the as built specimen 

including the support structures displaying a value of 58.19mm compared to an 

expected length of 58mm. Finally Figure 92C shows the diameter of the as built 

specimen displaying a result of 9.8mm compared to an expected diameter of 9.5mm.  

 

 

 

 

 

 

A B C 

Figure 92: Dimensions of as built tensile bar: A) Length of bar excluding support, B) length of bar including support and C) diameter of bar 

Figure 91: Image of build layout and control tensile build from the TRUMPF TruPrint 1000. 
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Figure 93 shows evidence of cracking offset from the centre point in the blue doped 

build. It is possible that this crack formation is due to the difference in material 

properties between the oxygen enriched doped layer and non-doped layer of the 

surrounding build layers. This would agree with the nano-indentation data found in 

chapter 7 and the oxide layers found on the fracture surface in chapter 6. More 

importantly, this gives an indication that the localised material properties have 

changed around or within the region of the doped layer.  
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
6.2.2 Tensile test data  
 
Tensile testing was conducted to determine the mechanical properties of the different 

doped builds against the control build. Prior to tensile testing all tensile bar samples 

were stress relieved at 600°C for 4 hours under an argon atmosphere and then furnace 

cooled. The tensile testing adhered to ASTM E8-16a standards utilising a dual 

averaging extensometer at 21°C. A total number of six specimens were built and 

tested for each build, all built vertically and on the same machine, the TRUMPF 

TRUprint 1000; the specific build parameters can be found in Chapter 3.0. The 

specimens were tested in strain rate control at the first rate to beyond yield 

(0.005mm/mm/min), then the second rate was adopted (0.050 mm/mm/min) after the 

extensometer was removed. All tensile specimens were of nominal diameter (4mm), 

parallel length (25mm) and marked with a 16mm gauge length to determine the plastic 

Figure 93: Image showing evidence of cracking in the approximated doped layer of the tensile build. 
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elongation post fracture. Table 8 displays the relevant tensile test data for control, 

yellow and blue builds adhering to ASTM E8-16a. 
 

Table 8: Tensile test data for control, yellow and blue builds. Data provided by Westmoreland Mechanical Testing & 
Research, Ltd. 

Tensile 

sample 

0.2% PS 

[MPa] 

UTS 

[MPa] 

Elongation 

[%] 

Reduction of 

area [%] 

Failure in 

doped layer 

[Y/N] 

Control build 1003 ± 2 1109 ± 14 2.7 ± 0.4  3.2 ± 0.7 N/A 

Yellow build 1065 ± 3 1155 ± 36 1.8 ±1 3.3 ± 0.9 Yes 

Blue build 1050 ± 9 1127 ± 55 1.7 ± 0.6  2.4± 1.9 Yes 

 

Figures 94 and 95 display the two failure modes from the tensile testing results. Figure 

94 (the control build) suggests a ductile fracture as a cup and cone failure is present 

with an elongated fracture zone, the failure not being restricted to a limited number of 

build layers. Table 8 reiterates the ductile fracture with the highest observed elongation 

(2.7%) and reduction of area (3.2%). The failure occurs within the middle 50%-gauge 

length which is consistent with known virgin Ti-6Al-4V tensile testing failures.  

 

 

 

 

 

 
 

In comparison Figure 95 shows a more brittle failure (blue doped build) with the 

fracture zone displaying a flat, sharp failure with little elongation (1.7%) and less 

reduction in area (2.4%). Figure 95 suggests that the fracture is at right angles to the 

build direction and thus indicates that the fracture is restricted to a few build layers. 

 

Figure 94: Optical image of ductile (control build) fracture. 
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Popovich et al [105] reported values of 2.4 % elongation prior to heat treatment at 20C 

and 8.3% elongation post heat treatment at 350C. The machine used for the 

manufacture of the tensile specimens was a SLM 280HL machine. All parts were 

manufactured using an argon shielding gas with the following process parameters-

laser power – 275 W, scanning speed – 805 mm s-1, hatch distance – 120 µm, layer 

thickness - 50 µm, laser spot diameter - 81 µm, parts were manufactured in argon 

atmosphere. However, the build platform for this was kept at elevated temperature 

(200 ° C) during the process.  

 

Chastand et al [167] reported values of 2.7% elongation after being heat treated at 

640C for 4 hours and polished, however interestingly the ASTM F2924 achieved 10% 

elongation with no post heat treatment. All the LPBF samples were manufactured 

using a SLM 250HL machine with a layer thickness of 50 μm. All tensile samples were 

built in accordance with ISO/ASTM 52921.  

 

Borisov et al [168] achieved an elongation of 10 % for Ti-6Al-4V samples fabricated 

using the SLM Solutions 280HL machine in an argon atmosphere (99.99% purity) on 

a Ti-6Al-4V built substrate. The process parameters used: scanning speed—805 

mm/s, laser power—275 W, hatch distance—120 µm, layer thickness—50 µm. The 

laser beam size was approximately 80 µm. Heat treatment of the samples was 

performed adhering to AMS-H-81200A specification using a vacuum furnace at 10-3–

10-4 mbar at 950◦C for 2 h, followed by furnace cooling.  

 

Figure 95: Optical image of brittle fracture (blue doped build). 
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Based on published literature values from numerous authors, the elongation in Table 

8 is lower than expected for a virgin control build of Ti-6Al-4V. The root cause of the 

low elongation is likely a combination of numerous variables. The build plate in the 

TRUMPF TruPrint 1000 does not have the capability to preheat the bed which can 

result in induced thermal stresses throughout the build. Popovich et al [105] utilised a 

preheated build plate at 200◦C resulting in better elongation values compared to the 

results in Table 8. Additionally, the heat treatment performed on the tensile specimens 

in Table 8 was slightly different to the various authors such as Borisov et al [168] 

suggesting that the heat treatment of the specimen may not have been optimal, and 

the formation of alpha phase may have increased which would result in lower 

elongation. Another consideration for the low elongation values is the 

poor/inconsistent laminar gas flow across the build plate as mentioned in section 3.3.1 

as a limitation to the TRUMP TruPrint 1000. The inconsistent laminar gas flow can 

lead to poor removal of spatter from the fusion zone and result in the creation of pours 

in spatter is incorporate into fused material. Porosity was not measured throughout 

this study; therefore, it must be considered as a possible factor contributing to the low 

elongation values.  

 

Table 9 shows the summary of where the specimen broke and how close the doped 

layer the failure occurs. The table shows results for only three fractured tensile bars 

as the remaining three bars are no longer available as they have been used for other 

analysis techniques such as FIB-SEM, TEM, and microstructure analysis. Length 1 

shows the section of the fractured bar which would be the section of the build from the 

base plate upwards in the Y axis. Length 2 shows the section of the bar from the 

fracture location to the top of the tensile build in the Y axis.  
 

Table 9: Summary table of experimental data which demonstrates where each specimen broke and how close to doped 
band 

Sample Fracture location 
(mm) 

Expected location 
of doped layer 
(mm) from start of 
tensile build (mm) 

Variation between 
length 2 and 
expected doped 
layer (mm)  

Virgin  Length 1 Length 2 N/A N/A 
29.98 25.02 N/A N/A 
28.90 26.10 N/A N/A 
26.46 28.54 N/A N/A 
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Yellow 32.55 22.45 23 0.55 
31.90 23.10 23 0.10 
32.47 22.53 23 0.47 

Blue  35.48 19.52 23 3.48 
34.69 20.31 23 3.69 
35.53 19.47 23 3.53 

   
 

The results from Table 9 suggest that the virgin samples all fail within the gauge length 

and display a relatively central location for failure as expected. The yellow results 

suggest that the failure location is slightly offset of the centre point of the tensile 

specimen and may occur within the doped layer, however, this offset failure location 

could be from variation in the loading of doped layer in the build chamber. Similarly, 

the blue tensile specimen failure location suggests a greater offset location for failure 

and fails very close to the approximated location of the doped layer as opposed to 

inside the layer, this may be due to the difference in material properties and would 

agree with the nano-indentation results in Chapter 7.0. Refer to the Appendix for 

images of all the tensile specimen fractures with the relevant measurements.  

 

Overall, it is difficult to make precise conclusions from this data as the accuracy of this 

data relies heavily on the skill of the operator when loading the feedstock chamber to 

ensure that the correct volume of powder is loaded precisely. Therefore, It’s important 

to note that Table 9 gives an indication of the tensile fracture locations and in order to 

conclusively determine the failure mode and whether the failure occurs in the doped 

layer, SEM, TEM and EDX need to be utilised to identify evidence of oxide layers and 

oxidised particles within the fracture layer.  

 
 

6.2.3 Fracture surface imaging  

The tensile fracture surfaces show two main differences in failure type. Figure 96A 

(virgin control build) shows a large amount of deformed material between areas of 

what look like build defects. This surface is angled as in Figure 96A and is formed over 

many build layers, so the build defects are spread over many layers. This suggests 

that ductile fracture has occurred over most of the surface but that the build still has 

some defects. Figure 96B displays a higher magnification scanning electron 
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micrograph of a defect region, showing this material to be un-deformed and containing 

un-sintered powder particles and that full melting and fusion, between layers, has not 

occurred in some areas.  

Figure 96C (yellow build) initially appears to display less pitted regions on the fracture 

surface but in this case, they are in a limited number of layers as the fracture surface 

is aligned with the build layers. The surface looks similar to the virgin material with 

evidence of plastic deformation even though the behaviour is different. The fracture 

surface morphology is characteristic of a failure that is restricted to a much narrower 

band of material. The fracture surface has a number of regions of what appear to be 

oxide films as shown in Figure 96D. These surface features were not observed within 

any of the control builds analysed.    

Figure 96E (blue build) displays a smoother flatter fracture surface, restricted to a 

limited number of build layers, with characteristics of a less ductile failure. The fracture 

surface shows similar oxide film defects to the yellow build. Figure 96F shows a higher 

magnification micrograph of a large region which is indicative of an oxide film present 

on the fracture surface located at the edge of a large smooth plane. This region 

displays flow like characteristics as though the particle within the oxidised surface 

melted and stirred into the melt pool leaving the oxide film frozen in the material. This 

is likely due to the oxide film covering the particle surface has broken up and stirred 

into the melt pool under the Marangoni forces. This results in the metal fusing out and 

oxide is left flattened out on the surface. 
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Figure 96: SEM micrograph of tensile fracture surface of A) Virgin C) Yellow and E) Blue, enhanced magnification micrographs of 
region of interest B), D) and F) 
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6.3 Oxide film/ residue formation in SLM 
 
Although SLM built parts are processed under an inert protective atmosphere, typically 

there is approximately 0.1% oxygen in the production process due to air filling in the 

spaces between powder particles. Oxide films usually arise from two different sources; 

the partial oxidation of the powder raw material or the oxygen entrapped from the 

atmosphere by the surface turbulent flow of the molten pool [169]. Louvis et al [160] 

showed that the oxide films on the upper surface of the molten pool in aluminium 

processed by SLM evaporate and form fumes which escape from the molten pool via 

the laser beam interaction. Additionally, the study showed that the oxide films on the 

lower surface of the molten pool are broken up by the Marangoni flow and are stirred 

up in the melt pool. The presence of oxides reduces the reactivity of the metal surface 

and therefore the wettability of the melt and substrates and thus the overlapping 

portions of the adjacent tracks can produce semi-closed or closed pores resulting in 

trapped un-melted particles. This increases the risk of porosity in the build and can 

form crack initiation points. Here the artificially oxidised Ti-6Al-4V has been blended 

with virgin powder to create a doped layer with a higher oxygen content which would 

be considered to be out of specification. The mechanical properties of the parts show 

that this doping has a significant effect. In the rest of the chapter the possible 

mechanism for this reduction is properties is investigated.  

 

6.3.1 Oxide film on fracture surface  

At 0° tilt the oxide region has features consistent with an oxide film and appears to be 

flat in nature as shown in both the yellow and blue doped specimens (Figures 96D and 

95F), however, this was not observed in the virgin material builds. Figure 97A suggests 

that the oxide films appear to be in two forms, one where only the oxide film remains 

(fairly flat) and the other where the oxidised particle is still intact (curved), each forming 

part of the fracture surface.  

The apparently un-fused embedded particles (blue) in Figure 97A are slightly larger 

than the nominal range for the Virgin powder (PSD 15-45µm). This may be because 

the formation of the oxide increases the particle size or simply because the PSD 

specifies the 95% range of the particle size class. It is also possible that they are not 
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intact particles surrounded by an oxide film, but remnants of oxide shells left intact 

when the particles melted, or fully oxidised material left within the melt pool, in both 

cases the oxide retaining the curved shape of the particle. However, the spherical 

shape and the pattern of the underlying grain structure seen in Figure 97A points to 

the oxide layer being thick enough to stop the particle breaking up in the melt pool and 

the oxide fragmenting or dissolving, so that the particle remains un-fused.  

High resolution SEM imaging of the embedded oxidised particle clearly showed the 

microstructure of the underlying metal (under the oxide) which seems to have distorted 

the oxide as the metal contracted on cooling, the grain size of the metal being large 

as measured in the SEM (approx. 10 µm) compared to the oxide (Figure 97B).  The 

grain structure of the metal under the oxide film is good evidence that these oxides 

were not well bonded to the metal above except in a few places where the layer can 

be seen to be damaged. This partial fusion of the Ti-6Al-4V oxidised particle to the 

substrate layer, upon successive depositions, would represent inhomogeneous 

inclusions that previous studies suggest would degrade the mechanical fatigue life of 

built parts [135].  

The fracture behaviour in this region of the specimen is probably controlled by a 

combination of mechanical flaws (oxide films/particles) and local changes in chemistry, 

due to changes in oxygen content. The change in oxygen content will depend on if the 

films have time to dissolve during the fusion process. If there is, the higher oxygen 

content in the metal will make the alloy locally more brittle near where the oxide films 

had been.  If, however, the oxide film was thicker it may not be broken up and 

dispersed into the surrounding metal, and so oxide films may be present in the build 

layer. With sufficient oxide thickness the oxide around the particles may remain 

unbroken and the intact particle may be left embedded within the build layer.  If multiple 

particles are situated close together, they can act as one large mechanical flaw 

according to Griffith's crack criteria increasing the risk of crack propagation 

significantly. Also defect formation studies suggest that the presence of an oxide layer 

within the build decreases the wettability of the metal and blocks the flow of the molten 

metal resulting in poor bonding between the layers [170].   
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6.3.2 Microstructure analysis  

Each tensile specimen was cross section and mounted in a thermo-setting phenol-

urea based resin to be imaged in an JEOL 6610 scanning electron microscope (SEM) 

to understand a) the difference in microstructure between each build, and b) the 

difference in microstructure at the fracture surface (oxidised particle doped region), 

compared to a region not doped with oxide particles.  

A B 

Figure 97: Non-melted oxidised Ti-6A4V powder particle embedded into fracture surface B) high contrast solid-state backscatter 
electron detector (CBS) image of embedded oxidised particle surface in fracture surface 
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Figure 98: SEM micrograph of tensile build cross sections displaying fracture surface for A) Virgin, C) Yellow and E) Blue. Region of 
microstructure away from fracture surface for the three respective builds B), D) and F). 
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The virgin powder fracture surface cross section displays a ductile fracture with 

numerous elongated peaks in the fracture surface with a uniform cross hatching 

microstructure (Figure 98A). The fracture surface shows no evidence of any particles 

embedded into the fracture surface nor any obvious ‘lack of fusion’ sites along the 

fracture. Figure 98B displays the microstructure in a region ~80µm offset from the 

fracture surface and shows a uniform cross hatching microstructure.  

Figure 98C shows a micrograph of one of the yellow particles fracture surfaces cross 

sectioned. It suggests a less ductile material with less evidence of deformation and 

less distinctive peaks compared to the fracture surface of the virgin sample. Figure 

98C also shows three distinctive small particles (~5µm) embedded into the fracture 

surface. Figure 98D shows a region of microstructure ~80µm offset from the fracture 

surface layer and it displays a uniform cross hatching microstructure. 

Figure 98E shows the microstructure of the cross section of the fracture surface of a 

blue tensile test sample. The image suggests a less ductile failure compared to the 

yellow sample, over most of the fracture surface. The fracture surface is predominantly 

flat and smooth but again it displays small distinctive particles (~5µm) within the 

fracture surface, similar to the yellow fracture surface. It is possible these are remnants 

of the oxide film that have balled up, as it is unlikely, they are metal powder particles 

at this size. Figure 98E (fracture surface) and, interestingly, Figure 98F (a region away 

from the fracture surface) suggests that not all the oxide dissolves, resulting in residual 

oxide films localised in the build. The image shows the cross-hatching microstructure 

observed elsewhere, but near the oxide swirls there are small voids of porosity (red 

highlighted circle Figure 98E). The oxide swirls are not observed in significant numbers 

near the actual fracture surface and are instead present in a region ~50µm below the 

surface. Figures 98E and 98F indicate that the oxide on the blue powder particles 

remains as films of oxide, probably due to the higher melting point of the oxides of 

TiO2 (1843°C ) and Al2O3 (2072°C ) compared to Ti-6Al-4V (1604-1660°C ). It is likely 

that the oxide directly under the laser beam evaporated but the oxide below and on 

the sides of the particle did not and remained intact. The swirling of the oxide is an 

indication that the particle was melted but that it did not fuse with the rest of the 

material, nor was it significantly disrupted by the Marangoni forces stirring the melt 

pool. As there are relatively few oxide films observed it is likely that most are stirred 
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into the melt pool and broken up, either then dissolving in the metal or present as oxide 

fragments.  

The presence of oxide remnants combined with the dissolved oxygen in the 

surrounding material seems to have a more significant affect than the intact oxide 

films, as it alters the localised mechanical properties to the detriment of the final build 

quality. This is likely because the oxide remnants behave as mechanical flaws, while 

the oxygen in the alloy from the dissolved oxide presents a chemical defect, hardening 

the material and reducing ductility making it easier for cracks to propagate. These 

observations point to oxidised particles having a deleterious effect even if the powder 

is brought back into specification by diluting the used powder with virgin material 

Therefore, in order to re-use processed powder as feedstock, in safety critical 

situations, a method of identifying and removing heavily oxidised particles, of all sizes, 

is essential in order to avoid localised undesirable changes in mechanical properties.  

Additional research is also required to develop methods of controlling oxide formation, 

and how to disrupt any oxide films/residues present within build components. The 

removal of oxidised particles or the development of methods to modify the behaviour 

of oxidised particles would allow greater reuse of the powder in the SLM process.  

 

6.4 Chapter summary 
 

The tensile data suggested that although there wasn’t a significant overall change in 

mechanical properties for the tensile build specimens, there was a local change in 

behaviour, the failure occurring within the doped layer for both the yellow and blue 

builds. Furthermore, the fracture surface imaging showed that for the control build, the 

failure was ductile and occurred over many layers with no evidence of defects but no 

apparent oxide films. However, the yellow build and in particularly the blue build 

displayed less ductile fractures occurring over fewer layer and oxide films were present 

within the fracture surface.  

 

The findings in this chapter were important as the data suggests that failure may occur 

due to mechanical flaws within the build as the oxide film found on the fracture may 
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not have bonded significantly to its surroundings, most likely acting as a stress 

concentrator.  

 

Further evidence of mechanical flaws was found in the microstructural analysis. The 

yellow and blue microstructure showed that small particles ~5µm in size were found 

near the fracture surface. It is possible that these are balled up oxide as the diameter 

of these particles are uncharacteristic of powder particles. Additionally, the blue build 

microstructure showed oxide swirls 50µm below the fracture surface suggesting that 

not all the oxide dissolves, resulting in residual oxide films localised within the build 

layers.  

 

However, this chapter did not investigate the dissolved oxygen content of the fracture 

surface and this still remains a possible failure mechanism as the particle oxides may 

have dissolved into the surrounding material, resulting in embrittlement in localised 

build layers. Therefore, failure due to chemical flaws cannot, at this stage, be ruled out 

as a possible failure mechanism. Thus, further analysis using S/TEM imaging of the 

fracture surface lamella was needed to quantify the oxygen content, the results of this 

analysis is discussed in greater in the chapter 7.0.   
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7.0 The effect of oxygen dissolution in the build  
 
Thus far, it has been established that mechanical flaws are present within the build in 

the form of oxide residue and evidence of oxide films on the fracture surface have 

been identified. This chapter investigates the influence of chemical flaws in the build 

and whether oxygen dissolution is a key factor in the reason for failure of the tensile 

specimens. Scanning transmission electron microscopy (S/TEM) was used in order to 

quantify the presence of oxygen within the fracture surface via high resolution EDX 

line scans and mapping, however oxygen concentration profiles given by the semi 

quantitative EDX analysis suggested that oxygen is being over detected.  

 

Additionally, nano-indentation was used to compare the hardness values of the 

material near the fracture surface relative to the remaining layers of the build to 

understand if the inclusion of the oxidised particles changes the hardness of the 

surrounding material.  

 

This chapter is the final investigation of experimental work for this project and attempts 

to determine if dissolved oxygen changes the local behaviour of the build material.  

 

7.1 Quantification of oxygen in fracture surface  

The regions of interest (ROI) were selected because they would give greater 

understanding of the fracture surface morphology. Two regions of the blue build 

specimen were selected, one was postulated to be covered with an oxide film on an 

un-bonded particle (Figure 99A), the other a plastically deformed surface (Figure 99B). 

Additionally, a region of the yellow build was selected similar to Figure 99B to further 

understand the impact the oxidised particles had on the surrounding material not in 

contact with an oxide.  It is not possible to confirm the nature of these regions using 

more conventional means such as SEM/EDX because the oxide thickness is much 

less than the sampling depth in SEM/EDX. The process parameters used to 

manufacture the lamella for each of the regions of interest are discussed in chapter 

3.0. 

 



 198 

 

 

 

 

 

 

 

7.1.1 Oxide film on an unbonded particle (oxide region) 

EDX mapping was used to determine the presence of oxygen and other elements 

within regions of the material. Figure 100 shows the EDX map for what was proposed 

to be an oxide film covered particle from the blue tensile fracture surface lamella 

sample. It shows the main elemental components; titanium (Ti), vanadium (V), 

aluminium (Al), oxygen (O) and Copper (Cu). The copper signal is attributed to the 

copper support grid as the alloy does not contain copper. Figure 100A shows the full 

elemental distribution within the region, while Figure 100B shows only the 

concentration of oxygen, the structure of the region being featureless.   

B A 

Figure 99: A) ROI with un-bonded particle in contact with oxide film, B) ROI plastically deformed region not in contact with an oxide 
film. 
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The analysis that produces these maps can also be used to produce concentration 

profiles like those seen in Figure 101 and Figure 103. Although these figures show the 

at. % composition for the different elements, it is worth remembering that the accuracy 

of EDX with light elements is limited, that contamination can occur during the ion beam 

thinning process and signals can be detected from the surroundings, as seen by the 

detection of copper. Therefore, what is important in these figures are the changes in 

concentration rather than the absolute values. 
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Figure 100: EDX elemental mapping of blue Ti-6Al-4V tensile build fracture surface lamella sample. A) EDX elemental overlay map B) Oxygen 
(O) element map 
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Figure 101: EDX elemental line scan of blue tensile build fracture surface lamella of embedded oxidised particle. A) HAADF-STEM image of lamella 
region of interest with graphing overlay B) Line scan graph 
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EDX line scans are in many ways more informative than maps especially if there are 

no discrete phases, as trends are easier to observe. The line scan displays elemental 

atomic % of the four main elements of interest: oxygen (O), aluminium (Al), titanium 

(Ti) and vanadium (V). The line scan in Figure 101A proceeds 400nm from the fracture 

surface and displays a consistent oxygen at. % of around 60 at. % between 0nm and 

280nm, which is close to Ti2O3 (60%) and TiO2 (67%) indicating this is a region of 

oxide, though possibly a non-equilibrium oxide that is not on the phase diagram as 

there are numerous titanium oxides that are very similar.  

The oxygen concentration is well above the solubility limit of the titanium matrix at 34 

at. % in the α-phase [171] . This suggests that the line scan is only within the oxide 

and does not include any area of the underlying metal, although this would make the 

oxide thicker than predicted by the interference colour for this batch of powder, but 

that may be why the oxide on this particle survived intact, the thicker oxide being more 

robust.   

Toward the outer edge of the specimen the oxygen at. % Increases between 280nm 

and the fracture surface peaking at 80 at. %, which is higher than is possible with any 

known titanium or aluminium oxide. There are two possible reasons this may have 

occurred, one that elements were lost during milling from the outer edge, but normally 

the element lost is oxygen, or that the values for oxygen concentration given by the 

semi quantitative EDX analysis are inaccurate, and oxygen is being over detected. In 

this second case the outer region is likely to be Al doped TiO2 while the inner region 

is an oxygen deficient oxide, and this would be consistent with the phase diagram. A 

rise in the aluminium content at the outer edge of the oxide is also observable in the 

line scans.  

The presence of aluminium probably makes the oxide less likely to dissolve as Al2O3 

is more thermodynamically stable than TiO2. The formation of the aluminium enriched 

oxide is also likely to reduce the oxygen dissolved in the metal but will also locally 

deplete the metal in aluminium. The observed vanadium content near this surface is 

low compared to the bulk and is uniform over the line scan, showing a surface 

depletion of vanadium.  
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The formation of an oxygen diffusion layer in the metal below the oxide is expected as 

the blue particles were oxidised at >600°C, which combined with high processing 

temperatures in the SLM process should result in localised increases in oxygen 

content [172]. Kumar et al [173] suggested that as the oxide layer (Al2O3 and TiO2) 

thickness increases, so does the oxygen content of the metal, resulting in an increase 

in hardness of the underlying metal. In the context of this study, an increase in 

hardness would be detrimental to the final build quality as this would result in a 

localised region of the build having significantly different mechanical properties and 

thus increase the risk of failure within this region.  

7.1.2 Plastically deformed region (non-oxide region) 

Using the same FIB-SEM in-situ lift out process, a plastically deformed region of the 

fracture surface was selected (Figure 99B). This region was chosen to quantify the 

oxygen concentration away from known oxide films and to look for evidence that some 

oxide films had dissolved into the surrounding metal. Similar FIB-SEM process 

parameters were used to those used for the embedded particle as discussed in 

chapter 3.0, with a 4µm Pt layer thickness used to coat the more uneven surface.  
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Figure 102: EDX elemental map of blue tensile non-embedded particle region of interest. A) EDX elemental overlay map B) EDX oxygen 
(O) map 
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Figure 102B shows the presence of oxygen and suggests a uniform distribution 

throughout the lamella, although the sample area is small. This suggests that there is 

some oxygen dissolution from the oxidised particles, which would be consistent with 

the low number of particles observed on the fracture surface compared to the number 

present in the doped powder. Even though the semi quantitative EDX (Figure 103) for 

this fracture surface region suggests an oxygen level that is within the solubility limit 

of the metal (34 at. %) it is higher than seems reasonable for metal not in direct contact 

with an oxide. It is, however, much less than in the sample seen in Figure 101. This 

would support the idea that the semi quantification carried out by the EDX system is 

over representing the oxygen concentration and although there is likely to be some 

oxygen dissolved in the metal it is not this high. The overall oxygen content of the 

powder from which this region was built is much lower than the value calculated by the 

system.  

 

 

Again, the EDX maps/images of the lamella show no particles or oxide films with 

significantly different compositions. The line scan displays at. % of the four main 

elements of interest: oxygen (O), aluminium (Al), titanium (Ti) and vanadium (V) and 

proceeds 290nm from the fracture surface displaying a consistent oxygen signal of 

around 20 at. % between 0nm and 150nm, the oxygen at. % decreasing rapidly upon 

contact with the Pt layer.  
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Figure 103: EDX elemental line scan of blue tensile build fracture surface lamella of non-embedded oxidised particle. A) TEM image of lamella 
region of interest with graphing overlay B) Line scan graph 



 203 

This line scan suggests that the fracture surface layer and subsequent layers 

surrounding the fracture surface may have a higher oxygen content but that there is 

no oxide film. The failure mechanism suggests that the oxygen content is raised in this 

region compared to the virgin material but that the amount cannot be quantified from 

this data. A higher oxygen content will create a region of the tensile bar with higher 

strength but lower ductility, but this cannot be proved from this experiment. Previous 

studies have shown that an ingress of oxygen in to Ti-6Al-4V metal changes the ductile 

rupture mode to a brittle rupture mode. It was found that an oxygen content of 1 wt % 

is sufficient to embrittle the Ti-6Al-4V alloy [174].  

NOTE: This stage of the project was significantly impacted by the COVID-19 

pandemic, experiments could not be repeated, and different software was used 

because of the COVID-19 restrictions put in place to ensure the safety of staff and 

students.  

Therefore, analysis of the yellow lamella was conducted by a JEOL S/TEM 2100+ 

which uses slightly different software and presents the results slightly different. The 

line scan data presents in the form of counts per second (CPS) and produces a data 

table with elemental at % and wt %. However, all the relevant data was obtained in 

order to discuss and analyse for the yellow lamella sample.  
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Figure 104 shows the elemental distribution of the yellow fracture surface lamella (not 

in contact with an oxide film). The oxygen map shows a uniform distribution of oxygen 

throughout the lamella, although the sample is small. This suggests that there is some 

oxygen dissolution from the yellow oxidised particles, but the elemental map is less 

dense in comparison to the Figure 102 for the blue specimen (not in contact with oxide 

film). 

Figure 104: EDX elemental map of the yellow build fracture surface lamella 
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Similar to the blue lamella analysis, a lamella sample was milled from the fracture 

surface of the yellow build fracture surface from a region of interest with no embedded 

particles. This was performed to make a comparison of the fracture surface layer 

localised oxygen content between the blue build and yellow build, this was, however, 

made more difficult by the Covid-19 restrictions forcing the use of different equipment.  

The EDX map in Figure 105 suggests an even oxygen distribution throughout the 

lamella sample suggesting that the oxygen dissolution from the embedded particles 

has increased the layers oxygen content, it is also a possibility that this could be noise 

from the peak overlap from different elements. The yellow build EDX map by 

comparison with the blue non embedded particle region of interest shows a lower 

density in oxygen throughout the lamella suggesting that the oxygen dissolution is less 

in the yellow build compared to that of the blue.  
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Figure 105: EDX line scan of the yellow fracture surface lamella overlayed onto to the O elemental 
map 
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The line scan spectrum results show the elements in the form of counts per second 

(CPS), it’s important to note that CPS does not take into account coefficients and 

simply illustrates the presence of the element as opposed to a quantitative 

concentration. Due to software licensing constraints, CPS was the only available 

output plot, however the analysis still produced results for at % and wt % without the 

associated plot.  

Results from the analysis showed an oxygen presence of 9 at % throughout the 

lamella. The oxygen dissolution is considerably lower at 9 at % compared to 20 at. % 

of the blue build tensile fracture lamella with the non-embedded particle region of 

interest. Even though the semi quantitative EDX (Figure 106) for this fracture surface 

region suggests an oxygen level of 9 at% is within the solubility limit of the metal (34 

at. %) it is higher than seems reasonable for metal not in contact with an oxide. It is, 

however, much less than in the sample seen in Figure 101 and Figure 103 but still 

exceeds the allowable limits for ASTM oxygen standards for SLM built parts.  

This suggests that the oxide layer present on the yellow particles within the melt pool 

may have dissolved into the surrounding layer increasing the localised oxygen content, 

however it is less than that of the blue build. This may be due to the lower oxygen 

content of the yellow particles compared to the blue, therefore there is less available 

oxygen to dissolve into the surrounding material. Another possibility is that the analysis 

may be wrong and not directly comparable as this analysis was completed on a 

different TEM and could not be repeated due to the time constraints and equipment 

availability due to the COVID-19 pandemic. It’s important to note that the values 

Figure 106: EDX line scan plot of elements for yellow non embedded particle region lamella. 
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obtained from the EDX analysis cannot be taken as absolute values as this is a semi-

quantitative technique, in this case, the trend shown is more significant as it shows 

where the oxygen is present and the relative concentrations across the lamella 

structure.  

Between 0µm and 0.2µm, the line scan data suggests that the scan is in the platinum 

layer protective layer as Pt is the dominant peak with little counts from the other 

elements. However, at 0.25µm, the Pt peak decreases significantly, and oxygen 

content increases peaking at 50CPS and displays a constant trend throughout the 

lamella between 0.25µm and 1.85µm. This trend is significantly lower than that of the 

oxygen content within the blue specimen suggesting that the diffusion of oxygen into 

the surrounding layers of the build is less than that of the blue.  

7.2 The effect of oxygen dissolution on the mechanical properties  
 
7.2.1 Nano-indentation hardness  

Nano-indentation was used to investigate the hardness of the material in the tensile 

specimen and compare the hardness of the material in the fracture surface and the 

surroundings layers to regions of no oxidised powder doping. The variation in 

hardness will aid in understanding the impact the oxidised particles have on the 

localised mechanical properties and whether the inclusion of oxidised particles, and 

dissolution of oxygen into the metal, increases hardness in the localised layers of the 

fracture and whether this has an impact on layers further away from the fracture 

surface.  

 



 208 

 

 

 

 

 

 

 

 

 

 

Figure 107 shows three indent arrays, normal to the tensile fracture surface, produced 

hardness profiles at three separate locations as they represented separate builds 

layers; as the layer thickness for the build was set at 150µm, a distance of 300µm and 

100µm were chosen as they represented 5 layers and 10 layers succeeding the 

fracture layer respectively. For each distance point analysed, five locations parallel to 

the distance were chosen to gain an average result. It is important to note that 0µm 

on the distance axis is defined at the fracture surface on the tensile specimen. The 

error bars in Figure 108 are calculated by standard deviation from the nano-indentation 

results for hardness.  

 

Figure 107: Indentation plan illustrated on SEM micrograph of tensile cross section sample 
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Figure 108: Relationship between hardness (GPa) and distance from the fracture surface (µm) 

 

Figure 108 shows the relationship between hardness and distance from the fracture 

surface for each of the three tensile build specimens: blue, yellow and virgin (control). 

The data trend for the blue specimen shows that the sample had the overall highest 

hardness across the three data points at 5.901 GPa suggesting that the high oxygen 

content in the particles may have impacted the surrounding layers greater than the 

other two specimens as all three distances yield higher values for hardness for the 

blue sample compared to yellow and the control builds. Interestingly, the fracture 

surface of the blue specimen yields a similar result to the yellow with a difference of 

0.1GPa indicating that the high oxygen content in the metal at the fracture surface may 

have a similar impact on hardness. The fracture surface of both the blue and yellow 

specimens display significantly higher values of hardness in comparison to the control 

build with a difference of around 0.6GPa which indicates that the oxidised particles 

significantly alter the localised hardness of the build which could lead to premature 

failure of the part subjected to loading conditions. A study by Tang et al [175] reported 

similar findings as they shown that increased oxygen content in Ti-6Al-4V built tensile 
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specimens resulted in increased values of hardness and elasticity modulus. Average 

nano-hardness value was reported to be 6.5GPa for 0.17 wt % oxygen, 7.5GPa for 

0.2 wt % oxygen and 8.5GPa for 0.23 wt % oxygen.  

However, at 150µm, the hardness value for the blue specimen is significantly higher 

than that of the yellow with a difference of 0.4GPa, indicating that the blue oxidised 

particles may have a greater impact on the surrounding layers in comparison to the 

yellow particles. Interestingly, at 150µm, the yellow specimen only has a difference of 

0.19 compared to the virgin sample. At 300µm, approximately, ten build layers away 

from the fracture layer, the blue specimen again yielded the highest hardness at 

5.7GPa, which was a difference of 0.3GPa compared the yellow and control. At 

300µm, the yellow and control build both yields very similar value in hardness with a 

difference of 0.016GPa, indicating that the yellow oxidised particles have little effect 

on the hardness of the build layers at this distance. The thickness of the band of doped 

powder particles within the tensile build was approximately 500µm, the evidence 

suggests that the fracture occurs close to the interface between the doped and 

undoped regions.  

Figure 108 suggests that the fracture is running close to where the hardness values 

changes rather than through the hardest layer. It is possible that the change is 

hardness is more significant than the oxide hardened material. The hardened material 

does not seem to lay equally across the two fractures surface of the yellow and blue 

tensile samples. This would also agree with the evidence found in chapter 6 as there 

is an oxide film present on the surface of the fracture sample, however there is no 

fracture running through the oxide and instead the fracture runs along the interface 

between the soft and hard material. This is likely due to the difference in hardness, the 

difference in the material properties which is making the fracture occur, not the 

presence of a harder brittle material, this likely creates a stress concentration due to 

the different material properties, this explains why the evidence in chapter 6 shows a 

ductile failure even though the fracture is fairly flat, the failure looks ductile because it 

is running between the softer and harder material instead of just the hardened 

material.  

Overall, the nano-indentation data suggests that the impact of the oxidised particles is 

significant for the doped regions of the build and in the case of oxidised particles with 
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high oxygen content such as the blue build, the surrounding layers are also affected 

and see an increase in oxygen. This is also true of the yellow build, however, the effect 

on the hardness of the surrounding layer is less in comparison to the blue, it is also 

possible that the failure could be near the edge of the doped particle region. That being 

said, both the blue and yellow builds yielded higher value in comparison to the virgin 

build at both the fracture surface and 150µm which suggests that the oxidised particles 

do alter the localised mechanical properties of the build and the surrounding layers.  

The addition of the oxidised particles into the doped layer has likely increased the 

amount of interstitial oxygen diffused into the surrounding build layers which impedes 

the dislocation motion resulting in a hardening of the material. In the HCP crystalline 

structure, the oxygen atoms are not free to move resulting in a reduction in atomic 

mobility of the interstitial region and thus an increase in hardness of the material [176]. 

Additionally, the presence of interstitial oxygen, particularly in the case of the blue 

build, facilitates the formation of martensitic phases due to distortion of the crystalline 

lattice by the oxygen resulting in crystallite micro-strain [177][178].  
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Figure 109: Relationship between distance from fracture surface (µm) and modulus of elasticity, E (GPa) determined by the 
NanoSuite® software. 

 

The relationship between the modulus of elasticity at max load, E (GPa) and the 

distance from the fracture surface (µm) is shown in Figure 109. The errors bars in 

Figure 109 are calculated from the standard deviation of the nano-indentation results 

for modulus of elasticity at the maximum load. Similar to Figure 108, 0µm is defined at 

the fracture surface for the tensile specimen. At the fracture surface (0µm), the control 

build yields the highest modulus of elasticity at 140GPa compared to lowest modulus 

at 118GPa for the blue specimen, a difference of 22GPa.  The yellow tensile specimen 

produced results similar to the control build at the fracture surface with a slight 

reduction in the modulus of elasticity of 2GPa at 0µm.  

The data trend across the three distances for the control build shows little variation 

with a difference of 1GPa which is expected as the material properties throughout the 

specimen should be consistent as no oxidised particles have been added. 

Interestingly, the data trend across the yellow specimen illustrates a decline at 150µm 

in the value of E (GPa) before trending back towards the virgin value at 300µm. This 

suggests that yellow doped layer of oxidised particles may diffuse enough oxygen to 
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reduce the elasticity of the surrounding layers to the fracture surface, however as the 

distance from the fracture surface increases, the modulus of elasticity trends back 

towards the virgin values. 

Similarly, the same trend can be observed for the blue specimen as the value of E 

(GPa) is 14 GPa lower at 0µm and drops slightly at 150µm to 115GPa (difference of 

18GPa from control build) before trending back towards the virgin values at 300µm. 

This further suggests that doped blue particle layer in the fracture surface may diffuse 

a sufficient amount of oxygen to the surrounding layers that it reduces the elasticity, 

however as the distance increases from the fracture surface, the modulus of elasticity 

trends back towards the virgin values.  

The results from Figure 109 shows the impact the doped oxidised particle layer has 

on the modulus of elasticity; the high oxygen content of the blue and yellow particles 

is sufficient enough to alter the modulus of elasticity of the built specimen.  

Both the yellow and blue specimens show lower values of elastic modulus for all three 

distances compared to that of the control build. However, the yellow and blue builds 

both show that as the distance increases from the fracture surface (>200µm), the 

values of E (GPa) trend back towards the virgin values. The reduction in the modulus 

of elasticity is likely due to the interstitial oxygen diffusing into the surrounding localised 

layers during the melting of the doped layer within the build. The reduction in modulus 

of elasticity values can be related to the weakening of the atomic bond forces due to 

the presence of interstitial oxygen within the build layers [179][180]. In titanium alloys 

where the predominant phase is alpha or alpha prime, the oxygen atoms are not free 

to move, resulting in an decrease in elasticity modulus due to interstitial immobility 

[181]. The altering of the mechanical properties of the build through the reduction of 

elastic modulus may be considered detrimental build as it may result in premature 

failure under loading conditions.  
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7.3 Chapter summary  

The data from the EDX analysis shows that the oxygen dissolution into the surrounding 

layers for both the yellow and blue doped tensile specimens is higher than the 

allowable limits for ASTM standards.  

The oxygen dissolution from the doped oxidised layers has a significant impact on the 

nano-hardness of the part suggesting that the fracture surface layer (highest oxygen 

point) exhibit larger values of nano-hardness than anywhere else in the specimen. 

Interestingly, the fracture occurs along the interface of the soft and hard material 

instead of running through the hard oxide, this is likely due to the difference in material 

properties. Additionally, the blue and yellow builds also showed elevated values of 

hardness at distances of 150µm and 300µm away from the fracture surface suggesting 

that the oxygen dissolution may affect the mechanical properties of the surrounding 

layers, in particularly the blue tensile build.  

The modulus of elasticity also showed the blue and yellow build had a lower elasticity 

modulus in comparison to the control build as the increase in oxygen content in the 

fracture surface and surrounding layers impedes dislocation movement. However, as 

the distance from the fracture surface increases (>200µm), the modulus of elasticity 

trends back towards the virgin values.  

Overall, the data from this chapter suggests that the oxygen dissolution from the doped 

regions during the melting process presents a significant chemical flaw within the build 

and changes the localised mechanical properties of both the fracture layer and the 

surrounding building layers. Additionally, the data suggests that the problem is more 

significant with the blue doped build in comparison to the yellow, however, the yellow 

oxidised particle still pose a significant risk as they detrimentally alter the mechanical 

properties of the final built part.  
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8.0 Conclusion 

The main findings from this investigation suggest that oxidised particles incorporated 

into a Ti-6Al-4V SLM part will negatively impact the mechanical properties of that part, 

both because of mechanical defects (oxide films/residue) but also because of local 

chemical changes (interstitial impurities).  

The dominant variable that most likely affects the local mechanical properties of an 

area is the local oxygen content. The local oxygen content being largely controlled by 

the oxide film present on the powder particles and the oxygen dissolved in the alloy. 

The nano-indentation data suggested that the change in hardness is more significant 

than the oxide hardened material as the fracture runs close to where the hardness 

values change rather than the hardest layer, this is likely to act as a stress concentrator 

that most likely causes the failure.  

Particles with oxide layers/films and high oxygen content formed from prolonged 

heating or ejection from the melt pool, will both lead to unincorporated particles in the 

material or oxide films within the build layers. If the oxide is stable these will remain as 

mechanical defects. If the oxides are unstable and decompose, once incorporated into 

the melt pool, they will cause a local increase in oxygen, with the associated changes 

in mechanical properties as shown by the nano-indentation results in chapter 7.0.  

Larger particles are likely to be removed via post process sieving or by the recoater in 

the SLM machine. However, smaller oxidised particles may remain in the powder after 

sieving and may be reused as feedstock for a new build. Particles in the range used 

by these machines pose a greater problem on powder reuse as they are not removed 

on recycling using sieving. They also have a higher surface area to volume ratio and 

are therefore likely to have higher oxygen levels. 

Interference colours formed due to oxide layer thickness on Ti-6Al-4V powder surface 

proved to be a good indicator of the oxygen content of the powder particles. However, 

the exact oxygen concentration cannot be determined by this method, but an oxygen 

content range can be determined from each colour to give a good indication if a particle 

colour is likely to lead to significant change in materials properties of the build.  
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This research has shown that bulk measurement techniques cannot be used alone to 

measure the quality of a recycled powder as a local accumulation of oxidised powder 

will cause localised changes in properties. Therefore, robust quality control measures 

are essential in order to monitor or remove oxidised material in post processed 

powder. This would significantly boost user trust and confidence in reusing powder 

and allow wider adoption of powder such as titanium alloys for additive manufacturing 

across multi-disciplinary industries.   

Further research is needed on the SLM of Ti-6Al-4V to understand methods of 

controlling oxide formation and disrupting the oxide films/residues formed within build 

components. This would improve the ability to reuse processed powder and reduce 

raw material costs, boosting cost efficiency for serial production. 
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9.0 Considerations and future work   
 

9.1 Considerations 
 

Similar to many projects, time constraints and cost inhibited the full investigation of all 

the objectives set out in the beginning of the project. Most notable the COVID-19 

pandemic and the investigation into the impact of heat affected zone powder and 

investigation into the presence and formation of the oxidised particles within post 

processed powder. The COVID-19 pandemic delayed a lot of the intended work for 

the project and meant that the heat affected zone investigation could not occur and as 

such the artificially created powder particles had to be validated by means of tensile 

testing and full-scale investigation of post processed powder beds could not occur.  

 

The level of validation that was originally intended for this project was not realised due 

to the COVID-19 pandemic, however, this does not diminish the novelty of the work 

conducted throughout this project which still yielded significant results. Below are the 

key areas which, based on the results from this investigation are key in the 

understanding and controlling the effects of oxidised Ti-6Al-4V powder particles in 

SLM process.  

 

9.2 Future work  
 

9.2.1 Modelling of Heat affected zone (HAZ) powder  
 

Ideally in order to validate the work completed throughout this project, a heat affected 

zone model could be created investigating the powder characteristics of the HAZ 

powder and the degradation mechanisms around different process parameters. 

Although it is known that oxidised particles occur in post processed powder, there is 

no definitive answer to at what powder reuse number or under what specific conditions 

we can expect to see such particles. Therefore, this work would further the 

understanding of the oxidised particles investigation conducted throughout this project 

and how they occur within post processed powder.  
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Varying the shape of the builds and the processing parameters would allow a model 

to be produced and validate how the powder degradation mechanisms occurs and 

how the oxygen content varies across the powder bed and the potential impact it has 

on build quality. A simple model could feature single track scan with varied process 

parameters such as energy density and progress onto complex geometries with thin 

and thick-walled applications.   

 

9.2.2 The impact of sub yellow coloured powder on tensile properties  
 

Furthermore, this project specifically investigated the impact of three separate builds: 

control, yellow and blue. Further work would consider the impact of different oxygen 

content powder which have not produced an interreference colours such as the sub 

yellow colours referred to throughout this research and investigate the impact of these 

particles within a doped layer of a tensile build. The sub yellow particles do not display 

a distinct colour as the oxide layer thickness is not large enough, however they have 

an increased oxygen content compared to virgin. The difference in oxygen content is 

small and is within ASTM limits, however, it is important to understand the impact of 

these particles if they are incorporated into a build as the majority of the post 

processed powder will consist of such particles. This will help define the lower limits 

of oxide level that are considered detrimental to the build.  

 

Similar to the investigation conducted throughout this project, the powder could be 

thermally oxidised using a similar process used in this project. The powder could be 

blended with virgin to create a doped, out of specification layer within the build similar 

to that of the yellow and blue builds. Tensile testing would determine the mechanical 

properties and using electron microscopy, fracture analysis could determine the failure 

mode and nano hardness to determine changes in properties in the fractured area. It 

is important to note, additional analysis would be conducted that could not be done 

throughout this project due to machine constraints due to the COVID-19 pandemic. 

Micro-CT scanning could help understand the impact of porosity and lack of fusion 

within the ‘as built’ tensile specimens for the different oxygen content powders. This 

would have complemented the research within this project immensely as it would help 

understand whether the doped layer in the ‘as built’ part increased the localised 
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porosity of the doped and surrounding build layers. Additionally, more emphasis on 

the microstructure analysis would be conducted to understand the phase formed in 

the ‘as built’ part from the increased oxygen content powders. Electron backscatter 

diffraction (EBSD) would be used to understand the grain structure of the built part 

and electron probe micro analyser (EPMA) would be used to detect the elements 

present. EPMA would complement the EDX analysis well as measuring light elements 

such as oxygen quantitively is extremely difficult, therefore having two separate 

analyses investigate the oxygen content within the titanium matrix increases the 

validity of the results.  

 

9.2.3 Controlling oxide formation and disrupting oxide in the build process 
 

The results from this investigation have shown that oxidised particles can present both 

mechanical flaws as un-fused particles embedded within the build layers and can also 

present chemical flaws as it locally changes the mechanical properties of the build. 

Further work is required to understand methods to control oxide formation in Ti-6Al-

4V SLM builds alongside understanding whether it is possible to negate the effects of 

the results shown in this project.  

 

Understanding the impact of varied process parameters on the processing of powder 

beds with oxidised particles may be a good starting point into controlling the oxide 

formation and disruption within the build process. Higher energy density and low scan 

speeds potentially may vaporise some of the oxide layer on the particle surface and 

reduce the effects it may have as a mechanical and chemical flaw within the build. 

However, in order to fully understand and try to control oxide formation, further 

investigations of the powder feedstock, build environment and post processing 

operations need to take place to determine how best to control or remove problematic 

particles.  

 

However, although important, the research work suggested here is both costly and 

time consuming, as the AM industry is moving fast towards serial production, a solution 

to monitor oxidised particles is needed. A potential solution for industry in the short 

term is to develop a method of imaging the powder bed and identifying particles that 
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are different from the bulk. This research has formed the basis for a quality control 

methodology through the use of interference colours to correlate an oxygen wt %, if a 

system can identify these coloured particles in post processed powder, then this would 

allow users to make decisions on whether or not to use the powder. That being said, 

further research would need to occur to find a solution to remove these individual 

particles and this may resort back to the earlier suggestion of understanding how to 

control the oxides once they occur within the post processed powder and finding ways 

to negate their effects.  

 

9.3 Key contribution of the thesis  
 

Research into the impact of oxidised Ti-6Al-4V powder particles have on the final built 

part mechanical properties processed by SLM are best summarised in three main 

sections. Firstly, the characterisation of the thermally oxidised powder particles on 

both the bulk and particle level, as discussed in chapter 4 and 5, provides insights into 

how they differ from virgin powder and the problems they may present on a layer-by-

layer basis within an SLM build. Secondly, the investigation of the fracture behaviour 

and microstructural changes present within the build, provides an insight into the 

impact the oxidised particles have as a mechanical flaw within the build, as discussed 

in chapter 6. Finally, the investigation into the effect the oxidised particles have as a 

chemical flaw within the build by understanding the oxygen dissolution of both the 

fracture and surrounding build layers, as discussed in chapter 7, give insights into 

localised changes in mechanical properties of the final built part.  

 

This work has shown that oxidised particles are a real concern for the AM industry as 

they move towards the serial production of parts using Ti-6Al-4V as they can 

detrimentally affect the mechanical properties of the final built component. That being 

said, this work also highlights the fact that these problematic particles can be identified 

using interference colours as a reference point to correlate an oxygen wt % to them. 

This is highly important to the AM industry as quality control of powder is essential, 

especially for load critical parts where part consistency and predictability is crucial for 

safety standards. Therefore, the key contribution of this work is forming the basis for 

a quality control system to be developed based on the findings of the investigations 
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conducted throughout the project. Although further investigation of the powder 

chemical composition is needed to increase the statistical confidence of the oxygen 

wt % ranges, the interference colour can be used as a benchmark to identify 

problematic problems in post processed powder.  

 

Ideally an in-situ system imaging system on a layer-by-layer basis would identify 

oxidised particles which could instruct the wiper blade to potentially remove the 

deposited layer prior to laser melting the respective layer and redeposit a fresh layer 

of feedstock powder. However, this would require significant research and 

collaboration from machine manufacturers to ensure all the relevant operations 

worked. It’s worth noting that this will only work if the amounts of oxidised particles in 

the post processed powder is low enough.  

 

On the other hand, a simpler solution would be to utilise a desktop imaging system 

where the powder sampling vials commonly used by industry now in recycling regimes 

is imaged using a camera system and software identifies the problematic particles.  

 

In terms of the optimal action taken once the particles are identified is yet to be 

determined by further research, however, this forms the basis for the first quality 

control system for identifying oxidised particles in post processed powder without the 

time consuming and costly use of numerous SEM images and chemical analysis. This 

would further boost user confidence in processing Ti-6Al-4V for serial production by 

reducing the time needed to make decisions on powder quality and reduce the cost of 

various types of analysis typically conducted in current industrial powder recycling 

regimes.    
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10 Appendix   

 
Table 10: Summary of pre-built tensile bars and measurement of fracture location 

As-built 
Virgin tensile 

bar 

 
 
 
 
 
 
 
 
 
 
 

 
 

As-built 
yellow tensile 

bar 

 
 
 
 
 
 
 
 
 
 
 

 
 

As-built blue 
tensile bar  
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Virgin tensile 
bar with 
fracture 
length 

measurement 

 
Virgin tensile 

bar with 
fracture 
length 

measurement 

 
Virgin tensile 

bar with 
fracture 
length 

measurement 

 
Yellow tensile 

bar with 
fracture 
length 

measurement 
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Yellow tensile 
bar with 
fracture 
length 

measurement 

 
Yellow tensile 

bar with 
fracture 
length 

measurement 

 
Blue tensile 

bar with 
fracture 
length 

measurement 

 
Blue tensile 

bar with 
fracture 
length 

measurement 
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Blue tensile 
bar with 
fracture 
length 

measurement 
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