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Summary 

Research into additive manufacturing has grown at an exponential rate since the early 

2000’s. Much of this has focused on metal additive manufacturing and specifically the 

process of selective laser melting. The most prominent adopters of selective laser melting 

have been the aerospace, biomedical and automotive industries. In particular these three 

industries have focused on selective laser melting of the titanium alloy Ti-6Al-4V. 

Consequently, a large percentage of selective laser melting research revolves around this 

alloy. Despite the numerous advantageous afforded by additive manufacturing 

techniques, post-processing in the form of annealing or thermomechanical treatments are 

considered necessary due to the sub-optimal microstructure and density conditions of as-

built samples.  

This work examines the effect of process parameters on the density and microstructure of 

as-built selective laser melted Ti6Al4V components and relates their conditions to 

mechanical properties. The hypothesis of this work is that optimisation of density and 

microstructure simultaneously in as-built samples will remove the need for post process 

treatments.  

An exploration into the available literature revealed techniques reported to increase the 

density of samples in the as built conditions as well as methods to achieve preferential 

microstructures without post-processing. However, a significant gap in the field was 

identified whereby published literature focuses on optimising either density or 

microstructure but fails to report the effect of their methods on the other. Furthermore, a 

number of independent methods have been proposed to achieve preferred microstructures 

during processing, but no combination of these methods exists in the open literature and 

thus this work represents the first attempt at this.  
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The first task in this work was to produce fully dense parts using a Realizer SLM50 

system. To achieve this, the processing environment was characterised and its effect on 

the density of parts was established. Following which a systematic statistical design of 

experiments was conducted to establish the optimal set of laser parameters. A parameter 

set capable of repeatedly producing parts with a nominal density of 100% was developed 

and the effect of density on mechanical properties was established.  

To examine the as-built microstructure, the laser power and scanning velocity values 

which were the primary drivers of achieving fully dense parts were retained from the 

density optimisation study. Then the effects of varying laser spot size, layer thickness, 

pre-heating temperature and hatch distance on the as-built microstructure and density 

levels were examined. In order to examine high pre-heating temperatures, a customised 

heater was developed capable of printing samples at 450 °C. Through microscopy and x-

ray diffraction, three different microstructures were identified and quantitatively 

described.  

Finally, the effect of the aforementioned process parameters on the mechanical properties 

was presented. A number of variables namely, residual stress, density, microstructure, 

and oxidation were identified as significant with regards to tensile performance. The 

optimal set of parameters developed within this work facilitated tensile properties akin to 

those observed following some post-process heat treatments. However, the hypothesis 

that optimisation of as-built samples could remove the need for post-processing was 

rejected. Though, suggestions for future work are proposed which would address some 

of the limitations identified within this work and could validate the hypothesis.  
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Chapter 1 Introduction 

Additive manufacturing (AM) is defined as the process of joining materials to make 

objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies [1]. AM as a field has grown considerably since its 

inception whereby parts are now manufactured from metals, ceramics, bio-inks, 

conductive inks, and polymers amongst others. This has been made possible through 

process development to the point where many completely separate process techniques 

including, powder bed fusion (PBF), extrusion, aerosol jetting, lamination and direct 

deposition amongst others now exist.  

In comparison to traditional manufacturing techniques, AM is still in its infancy and 

accounted for a mere 0.1% of total manufacturing output in 2017. Despite this, AM is 

widely expected to create a wave of disruptive economic change in the manufacturing 

field in the coming years, with annual sales of AM products and services expected to hit 

$27.3 billion by 2023 [2]. Unlike previous noteworthy advances in manufacturing, such 

as the just-in-time manufacturing process or mass production injection moulding, AM is 

not expected to completely replace existing mass manufacturing techniques. Rather, AM 

has created entirely new geometrical opportunities for designers and manufacturers that 

were previously unobtainable via traditional manufacturing methods [3].  
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1.1 Additive Manufacturing  

1.1.1 AM Process Characterisation  

Rapid prototyping (RP) is a term used widely to describe technologies that create physical 

prototypes directly from model data. The emphasis is on creating a prototype quickly 

from which further models and eventually a final product will be derived. As this field 

has progressed and the output from RP machines has improved, many parts are now 

directly manufactured using these machines. Thus these parts are no longer prototypes. 

Furthermore the term prototyping overlooks the basic principle in that all RP technologies 

fabricate parts using an additive approach [4]. Accordingly, the BS ISO/ASTM 

52900:2015 standard was developed to provide clear definitions for terms and 

nomenclature associated with AM [5].  

The definition of AM broadly outlines the principles by which parts are fabricated i.e. in 

an additive manner. However during the development of AM a number of technologies 

which employ different techniques to process a vast array of materials from polymers to 

ceramics have been established. Thus AM technologies have been categorised in a 

number of different ways. Traditionally, AM technologies were classified according to 

their raw material input or baseline technology e.g. laser or extrusion [6]–[8]. However 

in some cases these methods of classification led to unusual combinations of processes 

being grouped whilst others that appear to give similar results were left separated. More 

recently, a classification system, first proposed by Stucker and Janaki Ram [9], which 

separates technologies into groups where processes which use a common type of machine 

architecture and similar materials transformation physics are grouped together. This 

system has contributed significantly to the standardisation of terminology by the ASTM 

and ISO respectively. Using this classification system within the BS ISO/ASTM 

52900:2015 standard, Table 1.1 outlines some of the most common AM processes [5]. 
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Table 1.1: Common additive manufacturing techniques 

Technology 

Group & 

Processes 

Applicable 

Materials 

Raw Material 

Form 

Manufacturing 

Technique 

Vat Polymerisation 

• SLA 

• DLP 

UV curable 

resin 

Liquid resin 

stored in a vat 

Light activated 

polymerisation in the form 

of a UV or laser 

Powder Bed Fusion 

• SLM 

• SLS 

• EBM 

 

Thermoplastics 

Metals 

Ceramics 

Powder Bed Full or partial melting of 

the powder bed through 

thermal input in the form 

of a laser or electron beam 

Material Extrusion 

• FDM 

Thermoplastics 

Composites 

Filament 

within a nozzle 

Solidification through 

cooling following 

extrusion from a heated 

nozzle  

Material Jetting 

• MJM 

Photopolymers Droplets Light activated 

polymerisation through 

exposure to UV light 

Binder Jetting Metals 

Ceramics 

Powder Binding of powder bed 

followed by removal of 

binding agent and 

sintering of metal/ceramic 

material 

Direct Energy 

Deposition 

Metals Powder Powder is directed into a 

focused region and melted 

using a laser source 
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1.1.2 Advantages of AM 

Perhaps the greatest advantage of AM is the ease with which complex parts can be 

produced. This characteristic of AM over subtractive manufacturing methodologies 

provides advantages in a number of ways. Parts that could not feasibly be manufactured 

by subtractive techniques such as graded lattice structures are now possible [10]. Internal 

features which increase the functionality of parts such as air ducts, internal pathways for 

acoustic damping devices or cooling channels can now be produced [11]. Finally, the 

increased freedom of design in AM makes it possible to combine an assembly into one 

part and therefore reduce the required assembly work and associated costs [12]. 

Furthermore this added complexity comes for free which contrasts the direct relationship 

between complexity and cost observed for traditional manufacturing techniques [13].  

The relationship between complexity and AM has been the primary driver to determining 

its position within the broader manufacturing landscape. Pinkerton [14] presented the 

figure shown in Figure 1.1 where the unit cost of AM produced parts do not change with 

volume or customisation. In contrast, traditional subtractive methodologies can take 

advantage of economies of scale whereby tooling developed for production is a fixed cost 

and thus the cost per part reduces with increasing volume. In contrast, an increase in 

complexity of parts exponentially increases the cost of traditional manufacturing 

techniques due to increased labour and tooling costs. Hence, AM has found a niche 

position within the broader manufacturing field producing low to medium volume of 

complex parts.  

AM also enables manufacturing on demand where for example dental implants have been 

manufactured using SLM in laboratories within dental practices [15] or where crew 

aboard ships have used FDM to create tools and fixtures when required [16]. This trait 

along with the ability that AM provides to decentralise manufacturing hubs leads to 

supply chain optimisation which significantly reduces lead times and associated shipping 

costs [17]. Further cost saving measures are possible due to less material waste as parts 

are built in the net shape whilst the removal of tooling lowers capital investment [3].  
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Figure 1.1:  Breakeven point between volume and complexity for additive and subtractive 

manufacturing methodologies 

1.1.3 Disadvantages of AM 

Despite its advantages, forecasts suggest that long term AM will account for only 5-10% 

of total manufacturing. One reason for this – as outlined in Figure 1.1 – is that AM does 

not benefit from economies of scale which limits the applications for which it is 

economically viable [14]. Raw material cost also represents a challenge within the AM 

field. Although less material is required per part than for traditional manufacturing, the 

raw material input for AM processes is frequently multiple times greater than that of 

traditional processing. As such, material accounts for 30% of the cost of the completed 

item in comparison to 3% in conventionally processed items [3].  

Another issue is production time. In comparison to traditional mass production techniques 

AM is relatively slow [17]. For example the fastest deposition rate for metal AM currents 

sits at 200 cm3/min whilst the record for milling sits multiple orders of magnitude above 

that [18]. Though many AM techniques are increasing their production rates through 
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addition of more than one printing head. For example in SLM where commercial 

machines are now fitted with up to four lasers to increase the production rate. Furtermore, 

the size of parts that can be processed by AM is inhibited by the size of the printer though 

this constraint should be considered for each technology. For example some SLM systems 

have build volumes of less than 200 cm3 whilst Launcher produces rocket engines using 

a direct energy deposition technique [19].  

Finally, some technological challenges are still present within AM such as producing 

parts with hanging features, thin walls or slots [11]. Furthermore, as will be discussed 

throughout this thesis process optimisation has proven challenging within the wider AM 

field. Porosity, thermal gradients and poor surface finishes are examples of issues which 

continue to face the AM field. Incorrect choice of process parameters can exacerbate any 

of these effects such that parts can fail during prints. Given the batch nature of AM, one 

part failure can impact the rest of the parts in the build which can lead to failure of an 

entire production run. Thus process parameters are frequently set to ensure build success 

rather than maximising part performance. This has resulted in the need for post processes 

such as heat treatments which add considerably to the total cost per part and further limits 

the window in which AM is economically viable over subtractive techniques.  

1.1.4 Applications of AM 

Three of the biggest adopters of AM have been the aerospace, biomedical and automotive 

industries. The ease of customisation through AM of parts sits at the heart of this in two 

differing ways. In the aerospace and increasingly – with the advancement of electric 

vehicles – the automotive industries, weight matters. As such the concept of 

lightweighting has become more and more important as each kilogram increases the fuel 

required for flight or reduces the range of an electric vehicle.  

The opportunities afforded by AM with regard to customisation has enabled the 

production of parts that are optimised for purpose without the need for excess material. 

For example, the Airbus Group, EADS Innovations conducted a life cycle study of a 

bracket used in the Airbus A320, contrasting an AM produced titanium (Ti) bracket to its 

traditionally manufactured steel alternative. They discovered a weight saving of 10 kg per 

aircraft which translated into a 40% reduction of CO2 emissions over the life of the part.  
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AM has gained traction in the biomedical field in three main capacities; (1) anatomical 

models, (2) surgical instruments and (3) implants and prostheses [20], [21]. Anatomical 

models have been used for education and training as well as preoperative planning. 

Regarding education, 3D printed models have been used extensively in the orthopaedic 

and cardiovascular fields enabling surgeons to improve on skills, understand deformities 

and practice procedures before operating on high risk patients [22]–[24]. Neurosurgeons 

have utilised 3D models to familiarise themselves with delicate nerves, vessels, cerebral 

structures and bone for which an appreciation can be difficult to achieve through two 

dimensional imaging alone whilst Condino et al. [25] recreated an entire abdominal cavity 

based upon patient specific anatomy [26]. Using these patient specific models 

preoperatively allows the surgeons to better focus on individual surgeries and has the 

potential benefits of reducing actual operating time and trauma to the patient [20].  

The use of AM surgical instruments in an intraoperative environment is increasing. Jigs 

which constrain operative placement to a specific area have been extensively used in 

mandibular reconstructive surgery. These jigs have enabled bone movements to be 

defined accurately and can be tailored to patient anatomy whilst operations using these 

jigs have reduced operating times [27], [28]. Similarly, Jaffry et al. [29] printed patient 

specific instruments for use in unicompartmental knee replacements. When compared to 

conventional instruments, surgeries using the patient specific instruments lead to better 

positioned implants, which could lead to the implants lasting longer and patients 

experiencing less side effects. 

As well as tools and models, implants which are suitable for implantation can be produced 

by AM. Popovich et al. [30] and Wang et al. [31] used SLM processing of Ti64 to produce 

a patient specific hip and pelvic implant respectively with positive postoperative 

outcomes in both cases. Using AM resulted in a number of advantages including, 

reduction of intraoperative time, reduced infection ingress due to custom fit and reduced 

surgical wounds. Looking forward, AM is gaining interest amongst researchers in the area 

of macroporous structured implants [32]–[34]. These implants have been suggested as a 

solution to the stress shielding phenomenon, which has been accredited with causing bone 

resorption and eventual implant loosening and occurs due to the mechanical mismatch 

between natural bone and metallic biomaterials. These complex shaped porous implants 
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cannot be manufactured through conventional methods whilst AM methods such as SLM 

provide the freeform capabilities necessary [32]. 

Overall, these industries have decided that the advantages of AM outweigh the 

aforementioned disadvantages. The automotive, aerospace and biomedical industries 

combined extensively use the Ti alloy Ti-6Al-4V (Ti64) due to its good stability at high 

operating temperatures, high specific strength and good corrosion resistance properties. 

The most common AM processing technique of Ti64 is the PBF technique of Selective 

Laser Melting (SLM) which forms the focus of this thesis. 

1.2 Selective Laser Melting Ti6Al4V 

SLM is a PBF process, which is a class of AM processes that use thermal energy to 

selectively fuse regions of a powder bed. Figure 1.2 presents the SLM process illustrating 

the application of a laser, usually of 1064nm wavelength, to a powder bed using a set of 

optical mirrors. Deposition systems, generally in the form of a scraper or roller are used 

to spread the powder material. Initially, a solid build platform is used to counteract 

warping of the material due to build-up of thermal stresses as the part is built. Upon 

irradiation the powder material is heated and melts to form a liquid pool, known as the 

meltpool, which cools rapidly and solidifies. After the cross section of the part is scanned, 

the previously scanned layers are lowered by a pre-defined layer thickness and a new 

layer of powder is deposited on top. The un-sintered powder from the previous layers 

remains in the build chamber and serves to act as support for the succeeding layers. 

Following conclusion of the process, this un-sintered powder can be collected, sieved and 

re-used. Finally, the process is conducted under an inert argon atmosphere to avoid 

contamination of the meltpool or oxidation of the solidified material [35], [36]. 
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Figure 1.2: Schematic of SLM process  

SLM processing of Ti64 enjoys all of the advantages outlined in section 1.1.2 and is an 

excellent choice for producing Ti64 parts for high-performance applications. However, 

SLM processing of Ti64 has some inherent problems. Firstly, the production of fully 

dense parts has proven difficult and process parameters must be optimised for each 

machine independently. Secondly due to the high energy input from the laser, the cooling 

rates during the process are extremely high. This in turn causes two issues; (1) the 

microstructure of as-built parts displays a martensitic structure which causes brittle 

behaviour and (2) large residual stresses are formed in the part which encourage crack 

formation and thus premature failure under tensile loading. As a result post processing in 

the form of annealing or hot isostatic pressing (HIP) is considered essential for SLM 

produced Ti64 parts. These post processing steps can add significantly to the cost per part 

and have been estimated to account for at least 6% of the total cost of processing [37].  

1.3 Research Focus 

The goal of this research is to explore the effect of the density and microstructure on 

mechanical properties of as-built SLM processed Ti64 components. The hypothesis of 

this research is that optimisation of density and microstructure simultaneously in as-built 

samples will remove the need for post process HIP/annealing treatments.  
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The research objectives are: 

(1) Produce fully dense samples using the Realizer SLM50 printer. The key to 

achieving this objective is examining the process environment in combination 

with the laser parameters utilised during processing. The impact of part density 

on tensile properties will be established.  

 

(2) Achieve in-situ decomposition of the brittle martensitic microstructure 

characteristic of SLM processed Ti64. Operating conditions developed during 

density optimisation will be further developed by examining more processing 

parameters. Their effect on the density and microstructure of the as-built 

components will be characterised.  

 

(3) Examine the effect of density and microstructure on the mechanical 

properties. The impact of density and microstructure on the mechanical 

properties of as-built SLM processed Ti64 components will be discussed.  

1.4 Thesis Outline 

Chapter 2: Literature Review 

This chapter provides an insight into the available literature most relevant to this thesis. 

These include examining the Ti64 alloy, SLM density optimisation efforts and techniques 

for altering the microstructure in Ti alloys. 

Chapter 3: Experimental Methods 

This chapter provides an outline for all the processing and analysis techniques used during 

the course of this research. 

Chapter 4: Density Optimisation 

The first primary research objective which was to produce fully dense samples with the 

Realzier SLM50 is addressed in this chapter. Initially, the process environment in the 

form of the argon gas flow is examined to determine whether this acts as a deterministic 

variable of part density. Following which a systematic density optimisation investigation 
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is presented and the optimal laser parameters for maximising density are determined. 

Finally, mechanical properties are presented to illustrate the importance of density 

maximisation in the SLM processing of Ti64.  

Chapter 5: As-Built Microstructures 

Chapter 5 examines the second of the research goals which was to Achieve in-situ 

decomposition of the brittle martensitic microstructure characteristic of SLM processed 

Ti64. Firstly, the experimental design is outlined which takes the laser power and 

scanning velocity optimised from Chapter 4 and adds hatch distance, layer thickness, pre-

heating temperature and laser spot size to examine their effect on as-built microstructures. 

The custom designed high-temperature heating apparatus is then introduced. Following 

which the effect of the outlined parameters on the density and as-built microstructure is 

examined through quantitative analysis.   

Chapter 6: Mechanical Properties 

The final research goal is addressed in this chapter. The combined effect of the process 

parameters and the influence they have on density, microstructure, residual stress and 

chemical composition of as-built SLM processed Ti64 parts is examined with reference 

to microhardness and tensile properties.  

Chapter 7: Conclusions and Future Work 

Conclusions from the aforementioned chapters are presented and the hypothesis of this 

research is addressed. Commentary on future work that could be carried out to advance 

this topic of research further is provided. 

 

 



 

 

 

 

Chapter 2 Literature Review 

 

2.1  Introduction 

This research focuses on the SLM processing of Ti64. Hence the aim of this chapter is to 

inform the reader of the relevant literature regarding SLM of Ti64 with a focus on density 

maximisation, microstructure decomposition and mechanical properties. The chapter is 

concluded by summarising the main findings within the literature whilst the research into 

literature culminated in the journal article below. 

 

➢ H. Shipley, D. McDonnell, M. Culleton, R. Lupoi, G. O’Donnell, and D. Trimble, 

“Optimisation of process parameters to address fundamental challenges during selective 

laser melting of Ti-6Al-4V: A review,” Int. J. Mach. Tools Manuf., vol. 128, no. January, 

pp. 1–20, 2018 
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2.2  Titanium and Ti-6Al-4V 

Titanium is an allotropic element whereby it exists in more than one crystallographic 

form. At room temperature Ti has a hexagonally close packed (HCP) crystallographic 

structure referred to as the α phase. This transforms to a body cubic centred (BCC) 

crystallographic structure known as the β phase at the β transus temperature. The β transus 

temperature is defined as the lowest equilibrium temperature at which the material is 

100% β. For commercially pure (CP) Ti this occurs at 882 °C but changes when alloying 

elements are added. Titanium alloys are generally classified into three categories 

according to their volume fraction of α and β phases. α and near α alloys are those which 

have less than 10% stable β volume fraction at room temperature. (α+β) alloys have stable 

β volume fraction between 10 and 50% whilst β alloys have a high volume fraction of β 

phase at room temperature [38]–[40].  

Alloying elements are classified as either α or β stabilizers depending on whether they 

decrease or increase the CP β transus temperature of 882 °C. The substitutional element 

aluminium (Al) and the interstitial elements oxygen, nitrogen and carbon are all strong α 

stabilisers and serve to increase the β transus temperature as seen in Figure 2.1. Of these, 

Al is the most commonly used as it is the only α stabiliser which has large solubilities in 

both the α and β phases.  

Regarding the interstitial elements, oxygen is the most commonly used as a stabiliser in 

Ti alloys as the oxygen content can be used to obtain a desired strength level. However, 

performance of Ti alloys either at or following exposure to high temperatures can be 

limited due to gradual oxidation and subsequent degradation of the material [41]. Yan et 

al. [42] determined that SLM processed Ti64 specimens are particularly sensitive to 

increases in the oxygen content. They reported that increasing oxygen content beyond 

0.15 wt-% leads to a significant decrease in fracture strain whilst total brittleness is 

observed at 0.22 – 0.25 wt-%. Furthermore, during periods of exposure to high 

temperatures, the increase in oxygen promotes a layer of oxygen enriched α phase near 

the surface which is known as α-case. The formation of this α-case has been reported to 

cause cracks on the surface on Ti parts due to compressive stresses [41].  
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β stabilising elements are divided into β eutectoid and β isomorphous elements depending 

on the resulting phase diagram, as illustrated in Figure 2.1. The most commonly used β 

stabilizers all belong to the isomorphous group and include vanadium (V) and 

molybdenum as they result in stability of the β phase at lower temperatures. Ti64 is 

characterised by alloying Ti with 6 (5.5 – 6.5) wt.% Al and 4 (3.5 – 4.5) wt.% V thus 

leaving it in the (α+β) category [38], [43]. 

 

Figure 2.1: Phase diagrams illustrating the effect of alloying elements on Ti alloys (note: 

temperature and alloy percentage on the x and y axis respectively) 

Ti64 is the most widely used titanium alloy, accounting for more than 50% of all titanium 

usage worldwide [44]. This is due to its good stability at high operating temperatures, 

high specific strength and good corrosion resistance properties. Conventionally, Ti64 

components have been manufactured through processes such as powder metallurgy, 

forging and casting which cannot easily produce complex shapes and frequently result in 

components with poor mechanical properties [44], [45]. However, the disadvantage with 

Ti alloys has always been cost in comparison to its alternatives. Furthermore, Ti64 has 

been classified as a difficult to machine metal, thus the cost of extraction is only a small 

fraction of the total cost of a component when fabricated using conventional 

manufacturing methods [46], [47].  

In contrast, AM techniques do not have the same extent of design constraints that limit 

conventional processes [48]. AM allows a far greater degree of geometrical freedom and 

material flexibility enabling mass customisation of parts. Moreover, remaining 

unprocessed powder can be reused which, along with savings in time, energy and other 

costs can reduce the cost per part substantially [49], [50]. Of the various AM techniques 
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available, SLM is perhaps the most versatile with regards to the range of materials that 

can be processed. Accordingly, SLM machines have become popular in industrial settings 

which has led to extensive research regarding the use of SLM for Ti64 processing, 

particularly for use in the aerospace, automotive and biomedical fields [51]–[54].  

2.3 SLM Optimisation 

During SLM processing, parameters are generally optimised in order to maximise 

density. As a result, annealing steps are commonly considered to be required so that 

residual stresses can be removed and to achieve a microstructure conducive to improving 

mechanical properties, typically fracture strain. Given the difference between SLM 

systems available on the market, there are approximately 130 – 160 controllable process 

parameters on any given SLM system [55], [56]. For the purpose of this thesis, these can 

be categorised as; pre-process, inter-process and post-process parameters, examples of 

which are given in Table 2.1. 

Of these, inter-process parameters, some of which are illustrated in  Figure 2.2 are the 

most heavily investigated aspect of the process chain with regards to process 

optimisation. The most conventional method of optimising mechanical properties is 

through optimisation of laser parameters, namely, laser power, scanning velocity, layer 

thickness and hatch distance which is defined as the distance between the centre point of 

two successive laser scans as illustrated in Figure 2.2. 

Considerable research has been conducted on the influence of these parameters to 

optimise the microstructure, process defects or residual stresses for a variety of materials 

[36], [57]–[73]. Much of this research utilises a metric known as the volumetric energy 

density (ED) (Equation 2.1) which attempts to describe the average applied energy per 

volume of material. It is the most frequently used combination of these parameters by 

authors relating process parameters to part properties.  

𝐸𝐷 =  
𝑃

𝑣 ∙ ℎ ∙ 𝑡
 [𝐽/𝑚𝑚3] 

 

 Equation 2.1 
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Where; P is the laser power, v is the scanning velocity, t is the powder layer thickness and 

h is the hatch distance.  

Table 2.1: Example of process parameters as categorised for this thesis 

Pre-Process 
Tool operator, process preparation, CAD & file preparation, part 

orientation, powder properties etc. 

Inter-Process 

Beam diameter, scanning speed, laser power, hatch distance, focal 

offset distance, argon flow, build platform temperature, oxygen 

percentage etc. 

Post-Process 
Thermomechanical treatment employed, annealing duration, method 

of cooling, machining, support removal etc. 

 

 

Figure 2.2: Examples of inter-process parameters for SLM processing 

Some authors have studied the effects of alternative parameters such as powder bed 

temperature, focal offset distance (FOD), laser spot size, scanning strategies and inter-

layer time to optimise mechanical performance of parts in the as-built condition [64], 

[74]–[76]. However, these have primarily been with the goal of decomposing the 
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martensitic microstructure or reducing residual stresses with many studies neglecting 

possible effects on the density of the parts.  

As the research completed in this work focuses on using inter-process parameters to 

explore the mechanical properties of as-built Ti64, they form the primary focus of the 

literature reviewed. However, some pre and particularly post processes have been 

reviewed to provide context of what density levels and microstructure composition are 

required for mechanical property maximisation. 

2.3.1 Density  

Many studies have shown that incorrect choice of inter-process parameters leads to 

porosity and defects such as balling [57], [69], [77], [78]. The balling phenomenon is a 

common defect observed during SLM and causes the deposition of the following layer to 

be impeded which in turn leads to bad layer deposition, cracking or even process failure 

(Figure 2.3). This transpires when molten material does not wet the underlying substrate 

well due to high surface tension differences generated as a result of variations in thermal 

properties across the melt pool [79]–[81]. 

  

(a) (b) 

Figure 2.3: SEM images of balling observed during SLM processing of CP Ti at high (a) and 

low (b) energy densities [57] 

Even more common than balling, is the presence of spherical and/or sharp crack-like 

pores in the volume of SLM fabricated components (Figure 2.4). It is the minimisation of 

these pores which forms the main focus of the inter-process parameter selection reported 
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in literature. Reports on the mechanism of pore formation are limited with some 

researchers focusing on the quality of the feedstock but most relying on assumptions 

concerning the detailed mechanisms that occur during melting and solidification in SLM 

[82], [83].  

The lack of fusion defects have been ascribed to insufficient energy input, otherwise 

referred to as under-melting. Processing with a low energy input – frequently 

characterised by low ED values – leads to a shallower melt pool. Due to the 

inhomogeneous nature of the size of powder particles and distribution across each layer, 

some powder particles may become partially melted rather than achieving full melting. 

Pal et al. [84] outlined the mechanism displayed in Figure 2.5 where they referred to a 

change in the powder height as a mounded place. This caused the meltpool to shift 

upwards which created a void between two successive meltpools and prevented the 

melting region from reaching the bottom of the layer. This results in only partial melting 

of the powder particles in this region and causes the sharp crack-like pores observed in  

Figure 2.4.  

The spherical pores observed in Figure 2.4 (b) can be attributed to the keyholing 

mechanism which occurs as a result of excessive energy input into the powder bed [58], 

[70], [85]–[91]. Figure 2.6 illustrates the mechanism of keyhole porosity formation. Over 

melting causes increased evaporation of the metal powder which results in a deep keyhole 

depression. In such circumstances, the surface tension of the meltpool is low whilst the 

recoil pressure will be higher than normal [84]. Combined this causes the keyhole 

depression to become unstable and collapse which traps the inert shielding gas to become 

trapped thus resulting in a spherical pore [92].  
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Figure 2.4: (a) Sharp-crack like and (b) spherical pores commonly observed post SLM 

processing [85] 

 

 

Figure 2.5: Pore formation due to insufficient energy input as illustrated in [84] 

 

Figure 2.6: Keyhole porosity formation adapted from [89] 



 Chapter 2. Literature Review

    

 

20 

 

Porosity is critical for SLM processed Ti64 parts. It has detrimental effects on fracture 

properties and exerts the largest influence on fatigue performance as cracks initiate from 

internal pores and propagate radially outwards [69], [93]. Gong et al. [94] observed a 

direct relationship between fracture strain and density of Ti64 samples. However, 

literature has most commonly related defects to dynamic mechanical properties and in 

particular fatigue. Leuders et al. [78] examined the fatigue behaviour of SLM processed 

Ti64 in the as-built, heat treated and HIP conditions. Employing HIP treatment reduced 

the pore size below the detection limit thus the samples had a theoretical relative density 

of 100% whilst the mean density of as built and annealed samples was 99.77%. This 

difference was reflected in the mean fatigue life of the samples which ranged from 27,000 

to 290,000 cycles for the as built and heat treated samples whilst none of the HIP samples 

failed before being interrupted at 2x106 cycles.  

Similarly Kasperovich et al. [95] examined the fatigue resistance of SLM processed Ti64 

in as-built, annealed and HIP treated conditions. They noted that the sites with the highest 

stress concentrations served as crack initiation sites and the most critical of these were 

crack like pores induced by lack of fusion during processing. Their results were similar 

to those obtained by Leuders et al. [78] whereby their results demonstrated a fatigue life 

of 2.3x103 – 5.6x103 cycles for samples in the as-built condition. Annealing samples at 

700 °C and 900 °C did not lead to any significant change in porosity, thus no significant 

improvement in fatigue life was observed. In contrast, samples which were HIP treated 

exhibited significant improvement with fatigue lives ranging from 1.5x105 – 3x105 cycles 

which was comparable to the fatigue life obtained in a reference sample of wrought Ti64. 

2.3.1.1 Inter-Process Parameters 

Due to the aforementioned effect on mechanical properties the primary consideration 

when choosing inter-process parameters is overwhelmingly the need to minimise these 

defects and produce fully dense parts. To achieve this, individual process parameters such 

as laser power, scanning speed, powder layer thickness, hatch distance, and focal offset 

distance have been examined. Of these, hatch distance is determined to have the least 

impact. In their studies on SLM processed Ti64 Kasperovich et al. [85] and Han et al. 

[96] observed a variation in porosity of less than 1% for a 450% and 42% increase in 

hatch distance respectively while all other process parameters remained constant.  
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Layer thickness remains relatively unexplored with regards to process optimisation. Xu 

et al. [74] managed to produce samples with a density greater than 99.5% for layer 

thicknesses from 30 – 90 µm. Qiu et al. [82] concluded that the overall porosity and the 

size of pores increase continuously with increased layer thickness. As shown in Figure 

2.7 there is little effect on porosity for layer thicknesses from 20 – 40 µm. In contrast, the 

top surface displayed open pores thus increasing porosity considerably for layer 

thicknesses greater than 60 µm.   

 

Figure 2.7: Influence of powder layer thickness on porosity as adapted from [82] 

It is well accepted that the stability, dimensions and behaviour of the melt pool determine 

the extent of porosity. Thus, it can be inferred that laser power and scanning velocity 

which have the greatest effect on the melt pool, will therefore have the maximum 

influence on porosity [85], [90].  

Scanning velocities from 100 to 4250 mm/s and laser powers from 40 – 400W have been 

examined and their impact on porosity of Ti64 components assessed [57], [72], [82], [85], 

[86], [90]. Han et al. [96] achieved components with density greater than 99% for scan 

velocities of between 400 and 1100 mm/s. Gong et al. [72] reported less than 1% porosity 

for velocities from 600 – 1600 mm/s whilst Qiu et al. [82] reported 99.9% density for 

scanning velocities up to 2600 mm/s. The spread in these values suggests that scanning 

velocity alone is not a determinitsic variable, thus it is incorrect to consider these 

parameters independently. The window with which fully dense parts can be manufactured 
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is a function of – amongst other things – the relationship between scanning velocity and 

laser power rather then a result of each individually. 

Gong et al. [72], [86] composed a process window based on this relationship, from which 

porosity classifications can be made (Figure 2.8 (a)). They concluded that Zone I 

parameters would produce fully dense components. Zone OH parameters should be 

avoided as the heat produced cannot be conducted away immediately. Zone II and III 

parameters, which are referred to as “marginal parameters”, can be used to fabricate 

Ti64 samples with varying levels of porosity. Similarly Song et al. [97] used scanning 

speed and laser power to define a process window for SLM processed Ti64 (Figure 2.8 

(b)). They determined that the high energy input in Zone I would yield cracks, Zone II 

would produce fully dense components whilst Zone III would result in balling due to melt 

pool instability. Whilst similar conclusions are reported by both sets of authors, the 

parameters that define their zones are substantially different (Figure 2.8 & Figure 2.11).  

 

Figure 2.8: Process windows relating scanning speed and laser power to porosity as defined by 

(a) Gong et al. [72], [86] and (b) Song et al. [97] 
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2.3.1.2 Energy Density 

Another common method to optimise density has been through use of the ED variable 

(Equation 2.1). Kasperovich et al. [85], Han et al. [96] and Cunningham et al. [98] used 

the ED to characterise the presence of pores through the development of process 

windows. Han et al. [96] and Kasperovich et al. [85] defined process windows of 120 – 

202  J/mm3 and 83 – 120 J/mm3 respectively to produce Ti64 components with a density 

greater than 99.9% (Figure 2.9). Moreover, Kasperovich et al. [85] stated an energy 

density of 117 J/mm3 should be used to produce fully dense components and this value 

closely correlated with that of 120 J/mm3 reported by Attar et al. [36], [58]. In contrast, 

Cunningham et al. [98] reported a far wider process window, observing parts with 

densities greater than 99.9% for energy densities ranging from 48.61 – 194.44 J/mm3 

whilst Gong et al. [94] fabricated fully dense parts with a density of only 33.33 J/mm3. 

 

Figure 2.9: Process window defined by Han et al. [96] relating relative part density and energy 

density 

Though some agreements can be observed between authors, a closer examination of the 

literature reveals variability in part density obtained given the same energy densities. For 

example Figure 2.10 demonstrates that for SLM processed Ti64, different levels of 

porosity can be obtained given the same energy density [90], [94]–[96], [98]–[100]. 

Accordingly, the validity of using the energy density variable as a means of process 

characterisation has recently been questioned by Prashanth et al. [101] and Bertoli [102].  
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In their study Bertoli et al. [102] examined the limitations of the energy density as a means 

of process characterisation in 316L stainless steel. They noted that the same energy 

density value can be obtained using significantly different process parameters. Prashanth 

et al. [101] investigated if the energy density equation was a reliable metric during SLM 

of Al-12Si. Variations in mechanical properties led the authors to question whether the 

energy density variable properly represents the effective energy transferred to the powder 

bed noting that important process parameters such as laser spot size, hatch style and others 

are disregarded. These process parameters have varying influence on porosity, thus a 

comparison by energy density alone can be misleading and insufficient. 

 

Figure 2.10: Comparison of density of SLM Ti64 parts built at identical energy densities from 

literature [90], [94]–[96], [98]–[100] 

Examining the process windows defined using scanning speed and laser power also leads 

to questions regarding their applicability.  Figure 2.11 illustrates data that has been 

collated from across the literature where authors have reported the processing parameters 

and porosity achieved in Ti64 components overlaid with the process zones reported by 

Song et al. [97] and Gong et al. [72], [86]. It is evident that processing with low laser 

power values at all scanning speeds results in parts with poor density. Scanning velocities 

under 200 mm/s appear to be sparsely studied but show discouraging signs from the 

available literature. Thus, it is between these limits that the uncertainty appears.  
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The fully dense zone reported by Song et al. [97] sits inside the over-heating zone and 

“marginal parameter” zone reported by Gong et al. [72], [86]. Furthermore, comparing 

it to the wider literature, parts with varying levels of porosity including some with <99% 

density are present. Examining the fully dense zone reported by Gong et al. [72], [86] it 

appears to be better correlated with the additional literature. Apart from one outlying data 

point, the minimum density reported for components processed in that zone is 99.5% 

although the vast majority of the points in that region have a density of less than 99.9%. 

What neither study accounted for, but what shows very encouraging results is processing 

at higher laser powers. Of the data available, the average density of components processed 

under 190 W is 97.63% whilst those processed at or above 190 W is 99.83%. Currently, 

no process zone has been defined at these higher laser powers and more studies are 

required to fully understand the density of parts processed in this range.  

 

Figure 2.11: A meta-analysis assessing the relationship between scanning velocity and laser 

power as reported in the literature [64], [72], [74], [85], [86], [88], [90], [95], [98], [100], [103], 

[104]. The data discovered in the literature is compared to the process windows as reported by 

Gong et al. [72], [86] and Song et al. [97] 

2.3.1.3 Gas Flow  

Although sparsely studied in comparison to the laser parameters, there is evidence to 

suggest that the gas flow during processing will affect the level and/or reproducibility of 
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density in as-built parts. Though the primary role of the gas flow within the chamber is 

to provide an inert atmosphere and thus prevent chemical reactions such as oxidation, it 

also has an important secondary role of removing process by-products from the path of 

the laser. These by-products may include condensate, spatter or ejected powder (Figure 

2.12); all of which are capable of shifting the focal point through scattering or even 

absorbing incident laser energy when present in the laser path [105].  

 

Figure 2.12: Schematic representation of by-products observed during SLM processing [105] 

Spatter formation which is linked to instability in the melt pool causes particles that are 

noticeably bigger in size than the powder [106]. Along with ejected powder, these larger 

spatter particles may be deposited on surfaces which are exposed to the laser beam 

afterwards, thus causing an increase in the local layer thickness. This can be detrimental 

to the density of parts produced as a critical layer thickness exists for any given input 

energy such that the molten material can be properly connected to the previous layer. If 

the local layer thickness exceeds this critical value, a lack of fusion defect can be formed. 

Therefore, it is considered critical that the spatter and ejected powder particles are 

removed from the build plate with a sufficient gas flow.  

Shceglov et al. [107] and Greses et al. [108] reported a maximum attenuation of the laser 

of up to 40% for fiber lasers used in SLM. Attenuation of the power at this scale is 
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certainly sufficient to cause lack of fusion defects. Similarly, Grünberger and Domröse 

[109] investigated shifting the focal position which can occur as a result of by-products 

in the laser path. They purposely provoked a disturbed unstable process which they named 

the “splashy process” and determined that it can have a negative effect on the process. 

Given this “splashy process” usually happens due to interaction with the welding plume, 

the authors indicated that the probability of its occurrence is linked to the gas flow rate 

during processing. 

Acknowledging the effect of gas flow within the process, several researchers have 

conducted comprehensive studies on gas flow uniformity across the build plate [105], 

[110], [111]. Kong et al. [110] examined two different baffles and discovered that 

regardless of energy input, large pores were observed when using the standard baffle 

whilst their insert resulted in significantly smaller pores. They attributed this to a greater 

velocity across the build envelope for the modified baffle when compared to the standard. 

Similarly Ferrar et al. [111] examined a number of nozzles through computer fluid 

dynamic (CFD) models and empirical investigations. They determined that the standard 

nozzle in their SLM setup was delivering a flow which was not running parallel from inlet 

to exhaust and instead was causing circulation within the chamber. This resulted in poor 

removal of condensate and consequential variability in part properties.  

In their study they highlighted the importance of uniformity across the build plate stating 

that the uniformity of gas flow was shown to significantly affect the strength of the parts 

across the build plate. Through an iterative process of changing the nozzle; they were able 

to increase the density of their samples as a result of an increased melt pool which was 

caused by better flow conditions.  

2.3.2 Microstructure  

Resulting from thermomechanical processing Ti alloys can attain an equiaxed, lamellar 

or bimodal microstructure, each of which possess different mechanical characteristics. 

Optimising inter-process and post-process parameters enables tuning of the 

microstructure in SLM processed Ti alloys. The desired microstructure and mechanical 

properties are dependent on the application of the part. For parts requiring high strength 

properties such as some aerospace components, a martensitic microstructure may be ideal 
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whilst applications such as biomedical implants or other aerospace components may 

require increased fatigue or strain performance thus necessitating an equilibrium or 

coarser lamellar structure. 

Mechanical properties of microstructures produced during SLM processing are dependent 

on the β grain size, α lamellae thickness, α lamellae size and α colony size which are 

greatly affected by cooling rate [112]. Due to the full melting mechanism inherent to the 

SLM process along with the process parameters selected to maximise density, the cooling 

rate during SLM processing of Ti64 has been identified from 103 – 108  K/s. A lath-type 

martensite is observed throughout this range with finer acicular martensite α’ morphology 

present for cooling rates above 105 K/s and hence is observed in as-built Ti64 [113]. Thus, 

controlling the cooling rate during solidification is the most commonly used method of 

microstructure control [114]. 

As illustrated in Figure 2.13, α’ martensitic microstructure produced during SLM 

processing of Ti alloys is contained within elongated prior β grains which grow 

epitaxially through successive layer depositions [57], [70], [74], [90], [115]. These α’ 

structures consist of closely spaced interfaces, separating neighbouring laths along with 

a high density of dislocations which results in a more effective barrier against dislocation 

movement during deformation when compared to α structures. Thus these α’ structures 

produce components with strength and microhardness properties which are frequently 

greater than those observed in cast or wrought Ti64 [36], [96]. 
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Figure 2.13: (a) Three-dimensional OM composite of as-built SLM Ti64 with magnified views 

of perpendicular (b) and parallel (c) to the build direction showing the α’ martensitic structure. 

Illustrated by Yang et al. [116]. 

As inter-process parameters are almost exclusively designed to produce fully dense parts, 

post-process steps have been considered essential to decompose the α’ microstructure into 

an (α+β) structure which facilitates greater engineering strain. Annealing and HIP 

processes have been heavily studied with respect to their effect on martensitic 

decomposition [70], [78], [91], [95], [117]. Several authors have demonstrated that the 

microstructural transformation that occurs as a result of annealing is comparable to that 

obtained by HIP treatment. Kasperovich et al. [95], Qiu et al. [91] and Leuders et al. [78] 

reported both processes transform the as-built α’ martensite into (α+β) structures.  

With regards to these treatments, three primary considerations; temperature, residence 

time and cooling rate have been heavily investigated. Heat treatment of Ti64 can be 

divided into sub-transus heating in the (α+β) field and super-transus heating in the β field 

as illustrated in Figure 2.14. Vrancken et al. [117] studied the effect of heat treatment on 

SLM processed Ti64 ELI and observed an increase in the β fraction with an increase in 

temperature. Following sub transus heat treatment prior β grains were easily observed, 

however after heat treatment above the β transus the prior β grains were no longer present 

indicating extensive grain growth. Similar results were obtained by Sercombe et al. [118], 
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Gil et al. [119], Sallica-Leva et al. [120] and Vilaro et al. [70] in their studies of SLM 

processed Ti alloys. 

According to Sallica-Leva et al. [120] the degree of martensite decomposition will 

determine the balance between mechanical strength and ductility in heat treated 

components. Theoretically, as the martensite is decomposed into an (α+β) structure and 

the grain size increases as the temperature is increased, ductility should improve whilst 

yield strength and UTS values will decline. Experimental results published by Vrancken 

et al. [117] and Sallica-Leva et al. [120] concurred with this theory as they observed sharp 

increases in ductility values as the temperature was increased. 

 

Figure 2.14: Phase diagram for Ti64 showing the sub-transus (α+β) and super-transus β fields 

Residence times are intrinsically linked to the maximum temperature achieved during 

heat treatment. For sub-transus treatments, a limited difference in grain size and 

consequently mechanical properties has been observed for a wide variety of residence 

times [117]. In contrast, residence time has a greater influence on microstructural 

evolution when samples are treated above the β transus, with larger grain sizes possible 

which are beneficial to mechanical properties.  

Also relevant to this research is the studies conducted regarding cooling rate during heat 

treatment cycles. For high cooling rates such as those in water quenching (≈ 1500 K/sec) 

both Vrancken et al. [117] and Vilaro et al. [70] observed a new form of  α’ martensitic 

microstructure following heat treatment above the β transus, as would be experienced 
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during SLM processing. They observed a shearing mechanism followed by nonthermal 

nucleation which resulted in equiaxed β grains in contrast to the columnar β grains 

observed at lower treatment temperatures (Figure 2.15). This corresponds to the findings 

of Ahmed and Rack [121] in their study of phase transformations during cooling in (α+β) 

Ti alloys. They observed a comparable transformation in a conventionally processed Ti64 

bar whereby the β phase was transformed into an α’ martensite structure after water 

quenching due to the high cooling rates.  

 

Figure 2.15: α morphology exhibited in SLM processed Ti64 after water quenching from heat 

treatment in the (α+β) region (a) and β region (b) respectively [70].  

Regarding slower cooling techniques, furnace cooling produces a lamellar (α+β) structure 

following heat treatment in both the (α+β) and the β fields. In contrast, the influence of 

air cooling appears to be heavily dependent on the maximum temperature. Vilaro et al. 

[70] observed a gradual decomposition of the α’ martensite into an (α+β) structure as the 

temperature increased in the (α+β) field. However, for annealing temperatures around the 

β transus, α’ needles originating from the β phase are present resulting in a so called α-

Widmanstätten structure. Thus, for an adequate transformation from the α’ martensitic 

structure to an (α+β) structure, a slow cooling rate is required. 

More recently, a number of researchers have been trying to achieve this slow cooling rate 

during the SLM process. In-situ or in-process martensite decomposition is an alternative 

to heat treatment which focuses on reducing the cooling rates formed during SLM 

processing with the aim of decomposing the α’ martensitic structure and thus improving 
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mechanical properties in the as-built state. In-situ decomposition forms a major focus of 

this research and so is detailed further in sections 2.4 – 2.8 of this work. 

2.3.3 Residual Stress 

Residual stress can be defined as stresses that remain inside a body that is stationary and 

at equilibrium with its surroundings [122]. As early as 1993, residual stresses were 

recognised as one of the major flaws in metal AM [123]. This holds true for laser-based 

processes which are known to introduce large amounts of residual stress due to large 

thermal gradients inherently present in the process. Unmanaged, these stresses result in 

deformation, reduced resistance to crack formation, reduced fatigue performance and 

anisotropic mechanical behaviour [40], [57], [65], [104], [124].  

Mercelis & Kruth [124] outlined the method by which residual stresses occur during 

SLM. They proposed a two-stage mechanism including; the temperature gradient 

mechanism and the cool down phase (Figure 2.16). The temperature gradient mechanism 

induces residual stress into the material by way of steep temperature gradients which are 

formed due to the rapid heating of the upper surface by the laser beam, followed by the 

relatively slow heat conduction through the material. As the expansion of the heated top 

layer is restricted by the underlying material, elastic compressive strains are introduced 

whilst simultaneously the material strength is reduced due to the temperature rise. During 

the cool down phase; the top layers shrink as a result of thermal contraction. This 

deformation is restricted by the underlying material thus tensile stresses are introduced 

on the outer layers and are balanced by compressive stresses below [40], [124].  

 

Figure 2.16: Two stage mechanism by which residual stresses occur proposed in [124] 

Predicting residual stresses in as-built components has proven difficult due to highly 

localised temperatures and rapid temperature cycles resulting from fluctuating laser 
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power amongst other factors. Furthermore, similar to the microstructure, residual stress 

optimisation is hampered by the primary objective that is producing fully dense parts. 

Thus, stress relieving post processes are considered essential, especially in high cycle 

fatigue components, to minimise residual stresses. 

With regards to inter-process parameters, variations in melt pool size and dimensions that 

occur due to fluctuating laser power during each scan, melt pool instabilities and 

dissimilar powder beds mean that correlations between many inter-process process 

parameters and the residual stresses produced are weak [40]. It is well understood that in 

SLM, the choice of scan strategy will affect the build-up of residual stresses. Many 

authors have reported the greatest stress is generated parallel to the scanning vector due 

to the high thermal gradients generated in comparison to the perpendicular direction [40], 

[65], [104], [125]–[128]. According to Vrancken [55], the scan vector length has the 

maximum influence on residual stress compared to other process variables, excluding 

preheating. Parry et al. [65] determined that increasing the scan area size from 1 to 3 mm2 

increases the maximum stresses generated from 189.3 to 305.2 MPa. Similar results were 

reported by Gibson et al. [4] who found that increasing the scan vector length leads to 

increased residual stress. Accordingly, limiting scan vectors will reduce the time that 

passes between the depositions of two successive tracks. In such circumstances, the heat 

has not been fully dissipated and so the second track is deposited on to warm material 

which leads to a reduction in thermal gradient [40]. 

Finally, it is universally accepted that the use of preheating during SLM reduces residual 

stress [64], [126], [129]–[132]. Abe et al. [133] and Aggarangasi et al. [131] suggested 

another laser could be used to locally pre-heat the powder. Vora et al. [134] successfully 

reduced residual stresses in their study of the aluminium alloy AlSi12 by preheating the 

powder bed. Similarly Tang et al. [134] discovered that preheating the powder thus re-

heating each layer during EBM eliminated cracks in a TiAl alloy. More recently, Ali et 

al. [64] and Vrancken et al. [135] observed substantial decreases in residual stresses of 

Ti64 through the use of pre-heating of the powder bed with more detail on this presented 

in Section 2.5.  
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2.4 Hatch Distance  

As outlined in section 2.3 and illustrated in Figure 2.2 the hatch distance can be defined 

as the distance between the centre point of two successive laser scans. Therefore, the 

hatch distance and spot size are intrinsically linked. Figure 2.17 shows the relationship 

between the spot size and hatch distance. Given a constant hatch distance, changing the 

laser spot size will significantly impact the percentage of the powder bed that gets re-

scanned.  

 

Figure 2.17: Relationship between spot size and hatch distance  

2.4.1 Density  

As previously mentioned, the optimisation of density is almost exclusively focused on 

the optimisation of the ED parameters. Of these, the hatch distance and the layer thickness 

receive considerably less attention in the literature than either laser power or scanning 

velocity. Despite this, a number of authors have examined the hatch distance in their 

respective optimisations of process parameters.  

Han et al. [96] varied the hatch spacing from 70 – 120 µm in an optimisation of process 

parameters using a self-developed SLM system with a 100 µm spot size. Their results 

showed that density was insensitive to a change in hatch distance as they produced 

samples greater than 99.95% dense for all hatch distances examined. Similarly, 

Kasperovich et a. [85] examined hatch distances from 40 – 180 µm in their optimisation 

of process parameters using a SLM-250 Solution system with an unspecified spot size. 
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They reported an almost constant porosity of approximately 0.1% – 0.15% for all hatch 

distances examined. They determined that the meltpool was sufficiently large to overlap 

even when the largest studied hatch distance was employed whilst the remelting caused 

by the smaller hatch distances did not cause any increase in porosity as reported 

elsewhere. However, they did notice evidence of pore formation in the boundary regions 

of the samples processed with small hatch distances and recommended against using 

hatch distances below 60 µm.  

Sun et al. [136] conducted a parametric optimisation of SLM parameters including 

studying hatch distances from 40 – 70 µm using a DiMetal-280 system with a 70 µm spot 

size. They observed fluctuating results for the effect of hatch spacing on density whereby 

the samples produced with small and large hatch distances recorded lower density levels 

due to over and under melting respectively. However, a statistical analysis of all 

parameters studied revealed hatch spacing to have an insignificant effect on density.  

Despite the above studies using different SLM systems with different spot sizes as well 

as a wide variety of laser power and scanning velocity combinations, they all determined 

that density was insensitive to a fluctuation in hatch distance. This indicates that hatch 

distance may be an appropriate variable for mechanical property optimisation if changes 

in microstructure and/or residual stresses are observed for different hatch distances.  

2.4.2 Microstructure 

As aforementioned, the high cooling rates during processing result in the α’ martensitic 

microstructure illustrated in Figure 2.13. This microstructure has been reported by the 

vast majority of studies, including those examining hatch distance. Sun et al. [136] and 

Han et al. [96] both observed α’ martensite within prior β grains throughout the range of 

process parameters examined including by changing hatch distance.  

Han et al. [96] observed a decrease in the α lath width and corresponding increase in 

microhardness as the ED value was increased which has shown a tendency to decrease 

the fracture strain of as-built Ti64 samples [75]. Though relevant, presenting results using 

the ED metric rather than as a function of either hatch spacing or laser velocity which 

were the parameters examined fails to answer which of these two parameters are 

responsible for the microstructure observed.  
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Barriobero-Vila et al. [137] presented a study in which they proposed using a tight hatch 

distance of 40 µm in combination with previously optimised laser parameters as a method 

of decomposing the α’ martensite structure in what they described as an intrinsic heat 

treatment. They proposed that the longer interaction times at high temperatures would 

facilitate the decomposition of α’ martensite into a stable (α+β) phase. Their previously 

determined parameters along with the tight hatch distance resulted in an ED value of 243 

J/mm3 for which Han et al. [96] reported a fine α’ martensite which produced poor 

engineering strain values.  

In contrast, Barriobero-Vila et al. [137] reported that the intrinsic heat treatment provoked 

the decomposition of α’ martensite during SLM into a fine lamellar (α+β) structure, with 

the exception of an α’ martensite region at the top 150 – 250 µm of the samples. They 

attributed the formation of β to the successive precipitation of β in each layer which is 

experiencing a sort of heat treatment as the number of layers above continues to increase. 

This intrinsic heat treatment allows the partitioning of vanadium to β and aluminium to α 

which causes higher stabilities of each phase upon cooling which reduced the amount of 

retained α’. As the build progresses the formation of α + (α’+β) microstructures that 

evolve through each layer successively move towards an (α+β) structure.  

The evolution of the microstructure from the α’ section observed at the top of the samples 

to the stable (α+β) structure observed lower into the sample as a result of continued 

heating cycles throughout the build was illustrated in the microhardness of the samples. 

Throughout the sample, hardness values of approximately 420 HV are observed which 

are comparable to values obtained in the literature for fine lamellar (α+β) structures whilst 

a steep increase in hardness toward 475 HV which is characteristic of a α’ structure was 

observed in the top section of the samples. Although no mechanical properties were 

investigated in the study, it would be reasonable to assume that desirable yield strength 

and strain values would be obtained as literature with similar microstructures has 

demonstrated values of 1100 MPa and 11.4% respectively.  

2.4.3 Residual Stress 

The effect of hatch distance on residual stress is largely unknown and unreported in the 

literature. As discussed in Section 2.3.3, a study conducted by Pohl et al. [125] concluded 
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that increasing the hatch distance from 100 to 300 µm reduced the deflection caused by 

residual stresses by more than half. They attributed this to an increased thermal gradient 

caused by more localised heating when a smaller hatch distance is used. However, they 

failed to account for the number of tracks deposited or the density of the material whilst 

the values tested are significantly larger than most hatch distances utilised when density 

is optimised. Hence, the effect of hatch distance on residual stresses in fully dense parts 

remains unknown.  

2.5 Powder Bed Temperature 

The concept of pre-heating the base plate is well established in the SLM field. It is 

industry practice to pre-heat the base plate to between 150 and 200 °C in order to reduce 

the residual stresses built up within the first few layers and thus reduce the probability of 

uplift from the base plate.  

Vrancken et al. [135] provides perhaps the first example of high temperature pre-heating 

of the base plate during SLM of Ti64. They examined the effect of pre-heating 

temperatures ranging from no pre-heating to 400 °C upon density, microstructure, 

residual stresses and mechanical properties. Their density optimisation program included 

three laser powers and three scanning velocities as illustrated in Figure 2.18 whilst the 

layer thickness and hatch distance remained constant at 30 and 70 µm respectively. Their 

results illustrated that densities above 99% were not possible at the lowest laser power of 

50 W or indeed for any laser power that used a lower scanning velocity of 400 mm/sec 

which they attributed to under and over melting respectively.  

With regards to the change in pre-heating temperature, no statistical difference was 

observed between samples produced at different pre-heating temperatures. However, in 

theory, pre-heating the base plate should reduce the energy required for producing fully 

dense parts. This could potentially increase the density of samples produced with lower 

laser powers whilst those parameter sets already producing high density parts may now 

form instable meltpools and observe a reduction in density as has been observed in other 

alloys. Analysis of the residual stresses yielded an expected result whereby the principal 

stress reduced as the pre-heating temperature increased with a principal stress of 628 MPa 

reported for no pre-heating in contrast to 313 MPa reported for prehearing of 400 °C.  
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As the pre-heating temperature increased from no heating to 400 °C a change in the 

microstructure from an α’ martensitic to a lamellar (α+β) microstructure was observed. 

Given this change in structure a softer material would be expected. However, 

microhardness tests revealed the opposite effect whereby the hardness of the material 

increased with increases in pre-heating temperature. Further analysis of the oxygen 

content in the parts revealed that the increased temperature of the meltpool for higher pre-

heating temperatures resulted in an increase in oxygen pickup in the parts, despite the 

argon atmosphere, and subsequently increased the hardness of the parts produced. 

Furthermore, this increase in oxygen content resulted in inferior mechanical properties 

whereby engineering strain reduced from 6.9% when no pre-heating was used to 3.9% 

for a pre-heating temperature of 400 °C. 

 

Figure 2.18: Density optimisation program implemented by Vrancken et al. [135] for five 

powder bed temperatures 

One other comprehensive study regarding high temperature pre-heating during SLM 

processing of Ti64 was conducted by Ali et al. [64]. In their study they examined six pre-

heating temperatures ranging from 100 – 770 °C. During density optimisation, they too 

observed significant defects at either end of the energy spectrum from too much and too 

little energy inputted into the process. However, in contrast to Vrancken et al. [135], the 

density optimisation was conducted at one pre-heating temperature and the results were 

applied for all parts built thereafter.  

From examining the microstructures of the highest (770 °C) and lowest (100 °C) 

temperatures used in the study, they established that prior β grains were present 
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throughout the entire temperature range. However, within the prior β grains, the initial 

martensitic microstructure began to decompose as temperature was increased. Although 

the martensitic decomposition temperature is considered to be above 600 °C for Ti64, 

complete martensite decomposition was observed at a powder bed temperature of 570 °C 

whilst the α needle size and β volume continued to increase for temperatures above this 

[119]. Moreover, from powder bed temperatures of 670 °C α globularisation initiated 

leading to increased α colony size which according to Lütjering et al. [138] has the largest 

effect on mechanical properties for Ti64. 

With regards to residual stress, as the pre-heating temperature was increased from 100 °C 

up to 570 °C the average maximum principal stress measured reduced from 214 to 1 MPa. 

The dramatic reduction in stress can be attributed to the reduction of the thermal gradient 

as a result of the higher powder bed temperature. Similar results have been observed 

elsewhere in the literature including by [64], [126], [129]–[132] and it is now universally 

accepted that the use of pre-heating during SLM reduces the residual stresses.  

Examining the mechanical properties for varying powder bed temperatures, they 

observed high yield and UTS values, characteristic of SLM processed Ti64. These values 

remained relatively consistent for powder bed temperatures from 100 – 670 °C (Figure 

2.19). Above this, no yield strength or ductility measurements were possible due to 

premature failure which was ascribed to the larger grain sizes generated for higher powder 

bed temperatures. Regarding fracture strain, a 66.2% increase was observed for a powder 

bed temperature increase from 100 – 570 °C. However, as temperature was increased to 

670 °C a significant decline was observed (Figure 2.19). The cause of the decrease can 

be extended from an explanation given by Qian et al. [139] in their study regarding DLF 

processing of Ti64. They determined that α needles grow more rapidly as temperatures 

approach the β transus. Indeed, as temperatures increased above 570 °C the α needles 

increased in size whilst some globular α was also observed. The presence of these 

microstructural features indicate that the slip length had increased which results in lower 

yield strength and engineering strain as was observed during testing. 
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Figure 2.19: Mechanical properties observed as a function of varying powder bed temperature 

as observed by Ali et al. [64] 

2.6 Laser Spot Size 

The laser spot size can be characterised by a number of different methods with the most 

commonly used being full width half-maximum (FWHM), D4σ and 1/e2. Figure 2.20 

illustrates the different methods of calculating the spot size with arbitrary horizontal and 

intensity values used. The full width half-maximum is defined as the distance between 

the two points closest to the gaussian curve that have 50% of the maximum intensity. The 

1/e2 value emanates from a simplification describing a Gaussian beam’s radial 

distribution. Given Euler’s constant can be approximated as 2.71828, the 1/e2 value is 

measured at 13.5% of the maximum intensity of the beam (Figure 2.20). As outlined, both 

of these methods are calculated as a function of the lasers intensity yet do not consider 

the overall beam profile. The D4σ method does exactly that and is commonly used  due 

to the recommendation by ISO 11146-1 [140]. The D4σ method can be calculated as four 

times the standard deviation of the distribution of intensity along both the major and 

minor axis of the beam thus for a perfect gaussian beam the D4σ and 1/e2 are equal [141].   
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Figure 2.20: Illustration of different spot size measurement methods with arbitrary horizontal 

width and intensity values 

As outlined in section 2.3 SLM processing is most commonly optimised using the ED 

parameters with a focus on density. Changing these ED variables in essence changes the 

energy input into the powder bed yet the beam diameter is frequently disregarded. 

However, the selection of laser spot size determines the area over which the laser is 

irradiated. Thus, given a constant power input, an increase in the laser spot size will result 

in a reduction in the energy input into the powder bed. As a result a number of studies 

have adapted the ED equation to include the spot size as indicated in Equation 2.2 [142], 

[143]. 

𝐸𝑉 =  
𝑃

(𝑣 ∙ 𝑑 ∙ 𝑡)
 

Equation 2.2 

 

Where; EV is the energy density, P is the laser power, v is the scanning velocity, d is the 

laser diameter or spot size and t is the layer thickness. 

Studies have determined a critical input energy (EC) value for each material to generate 

a continuous scan path where the melted material bonds well with the previous layer. 

When the EV value is below that of the EC, the energy input into the process is 

insufficient to completely melt all the powder thus generating voids within the solidified 
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part. In contrast, if the EV values exceeds that of the EC, then a very deep meltpool is 

generated and the keyhole melting mode is observed which results in over melting pores 

[144], [145]. Furthermore, excessive energy input can also result in a stochastic splashing 

process where semi-molten powder particles are ejected from the meltpool causing issues 

with dimensional precision  [146]. Therefore, with regards to density the appropriate laser 

spot size should provide sufficient energy to melt the current powder layer such that it 

fuses with the previous layer without providing too much energy such that keyhole 

melting is prevented.  

With regards to Ti64, very few publications have examined the influence of the beam 

diameter directly. Shi et al. [147] examined the effect of beam diameter in thick layer, 

high powered SLM processing of Ti64. Figure 2.21 shows a figure presented in their 

study which outlines the effect of changing the beam diameter given all other process 

parameters remain constant. Figure 2.21 (a) and (c) show the impact they observed when 

using a smaller spot size whereby an increase in the meltpool depth was observed which 

resulted in keyhole melting occurring which results in pore formation in the base of the 

meltpool. In contrast, the larger spot size shown in Figure 2.21 (b) and (d) results in a 

more homogenous meltpool and heat effected zone which enabled full melting of the 

powder without an excessive energy input.  

The effect of spot size variation on the microstructure of as-built Ti64 remains relatively 

unexplored. Shi et al. [147] observed a Widmanstätten structure for samples produced 

using a 200 µm spot size. However, they failed to compare this to the structures formed 

during processing with a 50 µm spot size which they also used in the study. Furthermore, 

the layer thickness of 200 µm employed in their study is markedly greater than 

conventional layer thickness values and will have an effect on the cooling rate during 

processing.  

Laser spot size has also been studied in the guise of the focal offset distance (Figure 2.22). 

Though expressed differently, the focal offset distance is intrinsically linked to the laser 

spot size as the diameter of the beam varies along the propagation path of the beam. Xu 

et al. [74] examined the effect of the focal offset distance during SLM Ti64 concluding 

that that a complete transformation from a fully acicular α’ martensite to an ultrafine 

lamellar structure is possible with a reduction in FOD from 4 to 0 mm. However, they 
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noted that optimisation of a single processing variable i.e. FOD is insufficient for 

martensite decomposition but rather the proper combination of parameters is required.   

 

Figure 2.21: Schematic illustration of the effect of changing the laser spot size presented by Shi 

et al. [147] 

 

 

Figure 2.22: Illustration of the focal offset distance as presented by Chow et al. [148] 
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2.7 Layer Thickness 

As discussed in section 2.3 the impact of changing layer thickness remains relatively 

unexplored despite its inclusion in the ED and EV variables. Section 2.3 highlighted how 

the influence of layer thickness on density will depend on the energy input. However, 

given a constant energy input, Qiu et al. [82] observed an increase in porosity as the layer 

thickness was increased. Xu et al. [74] provide one of the earliest examinations of the 

impact of layer thickness on the microstructure of as-built SLM processed Ti64. They 

observed in-situ martensite decomposition for samples processed with a higher layer 

thickness when combined with an appropriate ED input.  

Further studies by the same research group led to mixed findings where one study [75] 

determined that increasing layer thickness was beneficial to α’ decomposition whilst 

another [149] found no α’ decomposition in varying layer thicknesses. Kumar et al. [150] 

reported similar results whereby a departure from the characteristic prior-β microstructure 

was observed given an appropriate combination of scan strategy and layer thickness. Yet 

they neglected to individually examine the effect of layer thickness on the as-built 

microstructure.  

Due to the lack of information in the literature and somewhat conflicting results in studies 

that have been completed, the effect of layer thickness on as-built microstructures of SLM 

processed Ti64 remains unknown. Furthermore, none of the aforementioned studies have 

given detailed examinations of both density and microstructure as a function of layer 

thickness but instead have focused on one or the other.  

2.8 Summary 

The three fundamental elements which need to be addressed in order to obtain optimal 

mechanical properties in SLM processed Ti64 are the density, microstructure and residual 

stresses. Since the inception of the SLM process, the majority of research has focused on 

optimising process parameters with the aim of producing fully dense parts. This has led 

to a dependence on post processes such as annealing and HIP treatments to deal with the 

undesirable microstructure and residual stresses produced as a result of the large thermal 

gradients and cooling rates. Through the use of post processing methods in combination 
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with fully dense parts it has been established that an (α+β) microstructure with minimal 

residual stresses is required to optimise mechanical properties.  

More recently, several authors have examined a number of techniques including focal 

offset distance (spot size), layer thickness, hatch distance and powder bed pre-heating in 

an effort to address these fundamental elements and thus remove the need for post 

processing. Whilst many of these techniques have been successful in achieving their 

stated goal whether that be α’ martensite decomposition or residual stress reduction, few 

have considered the effect of their efforts in combination with density. To that end, Ali 

[151] was successful in decomposing the α’ microstructure and reducing residual stresses 

yet failed to consider if density was affected throughout the range of powder bed 

temperatures utilised.  Vrancken et al. [135] provide perhaps the only example where all 

three of the fundamental elements are considered together. Whilst they were successful 

in achieving the desired microstructure, density and residual stresses they observed a 

dramatic increase in oxygen pickup which led to inferior mechanical properties. It is 

possible that this may have resulted from conducting their tests in a self-developed system 

which may have an inferior level of oxygen control in the chamber though that cannot be 

validated and thus it may also be a bigger issue with high temperature heating of Ti64.  

Furthermore, though independently these new techniques for optimisation of as-built 

components have provided reason for optimism, no study in the literature has attempted 

to examine these techniques together. For example, analysing the influence of hatch 

distance at elevated powder bed temperatures. This is the void that this research aims to 

fill. In the following chapters, hatch distance, layer thickness, pre-heating temperature 

and laser spot size are analysed simultaneously and their impact on the density, 

microstructure and mechanical properties of as-built SLM processed Ti64 assessed.  



 

 

 

Chapter 3 Experimental Methodology 

 

3.1 Introduction 

This chapter aims to give the reader an insight into the procedures used throughout the 

experiments completed in this thesis. The Ti powder, SLM system, mechanical testing 

processes as well as density and microstructure characterisation techniques have all been 

outlined. Where possible internationally recognised standards have been employed.  
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3.2 SLM System  

The SLM system used in this work was exclusively the Realizer SLM50 machine shown 

in  Figure 3.1. The machine uses a 100 W Ytterbium fibre laser which is focused using 

an F-Theta lens and galvanometer scanning mirrors. The processing chamber operates in 

a positive pressure inert argon environment with oxygen levels controlled to below 0.2% 

required to help prevent oxidation of Ti during processing. 

 

Figure 3.1: Realizer SLM50 selective laser melting machine 

3.3 Ti64 Powder  

Argon gas atomised spherical powder particles of extra low interstitial (ELI) Ti64 grade 

23 with chemical composition shown in Table 3.1 conforming to ASTM B348-09 [152] 

was used for experimental testing. The powder had a nominal particle size between 24.5 

µm (D10) and 55 µm (D90), with a Gaussian distribution centred on 36.8 µm (D50) as 

measured by laser diffraction using a Malvern Instruments Mastersizer 2000.  
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Table 3.1: Chemical composition of Ti64 ELI powder used during this research 

Element N C H Fe O Al V Ti 

Mass 

Fraction 

(%) 

0.02 0.01 0.003 0.17 0.08 6.4 3.9 Bal 

 

 

Figure 3.2: Distribution of Ti64 powder measured by laser diffraction 

3.4 Image Segmentation and Analysis  

Image analysis has been used for a number of characterisation processes namely, density 

analysis and grain size quantification. Images were taken on optical and scanning electron 

microscopes with details outlined in section 3.5.2. The images were then processed using 

Fiji, an open-source image processing package based on ImageJ [153]. Specifically, the 

Trainable Weka Segmentation plugin was used to segment pores and grains for analysis 

[154]. Figure 3.3 shows the flowchart used for segmentation of an image, in this case to 

analyse porosity of a sample. Firstly, the raw image or image stack is loaded into ImageJ 

and the scale is set. Then the Trainable Weka Segmentation plugin is opened, and the 

model is trained.  

Training takes place by manually defining known regions, such as pores and bulk 

material. Once these definitions are made, the algorithm classifies the image by 

combining the manual definitions and the selected classification features. Given that grain 
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and pore boundaries were the primary usage in this research, edge-detection filters 

including the Sobel filter, Hessian matrix eigenvalues and the difference of Gaussians 

were employed [154]. Furthermore, textural features were used to calculate the summary 

statistics of pixels within a given radius of targeted pixels whilst noise reduction filters 

including Gaussian blurs reduced imaging artefacts. The classifier is a multi-threaded 

version of a random forest which is an ensemble learning method for classification that 

operates by constructing a multitude of decision trees during training with the output 

determined as the class selected by the most trees [155]. After each iteration of training 

the classified image was compared to the raw image and the model was retrained.  

 

Figure 3.3: Flow chart for image segmentation and analysis 

3.5 Microstructure Characterisation 

3.5.1 Sample preparation  

Samples were removed from the build plate and sectioned for examination using a wire 

electrical discharge machine. Following which, samples were hot mounted in conductive 

resin. Grinding consisted of two stages. Firstly, successively finer silicon carbide grinding 
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paper starting at P320 up to P4000 was used to obtain a planar surface. Following which 

6 µm diamond suspension was used to prepare the surface of the sample for polishing. 

Polishing was conducted using a mixture of 90 ml fumed silica and 10 ml hydrogen 

peroxide to achieve a mirror finish. In the case where samples were etched, Kroll’s 

reagent with 6% nitric acid and 1% hydrofluoric acid was applied to the surface until the 

microstructure was revealed.  

3.5.2 Microscopy 

Following polishing and again after etching, samples were imaged using a Zeiss Axio 

Vert A.1 optical microscope (OM) for porosity and microstructural analysis respectively. 

For more detailed imaging of the microstructure, a Zeiss ULTRA plus scanning electron 

microscope (SEM) was used with a voltage of 5 kV utilising the SE2 detector.  

3.5.3 X-Ray Diffraction 

Further microstructure evolution analysis was carried out by means of x-ray diffraction 

(XRD). Measurements were obtained using a Bruker D8 Advance with a step size of 0.2° 

and a dwell time of 2 seconds with a 2θ range of 33 – 90° as illustrated in Figure 3.4. Raw 

data was read into MATLAB where it was plotted for crystal plane identification.  

 

Figure 3.4: Raw XRD data obtained using the Bruker D8 Advance system and plotted with 

MATLAB 
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Following plane identification; specific peaks were selected for analysis using the curve 

fitting toolbox within the MATLAB software [156]. Peaks were selected according to 

their 2θ position and were fitted using gaussian models in the curve fitting toolbox. Each 

peak was fitted with eight different gaussian models according to the number of terms in 

the model. Each fit was plotted to allow the best fit to be chosen as shown in Figure 3.5. 

Once the best fit was chosen the maximum intensity of the peak and subsequently the 

peak width at the half maximum position (FWHM) could be obtained from the fitted data.  

 

Figure 3.5: Gaussian fits applied to specific peak for FWHM analysis  

The value obtained for the FWHM of the peak was then corrected for instrument 

broadening using Equation 3.1 where the instrument broadening was calculated using 

Equation 3.2. This was derived by scanning a corundum standard reference material 

1976b sample and measuring the resultant FWHM of the peaks obtained.  

𝐹𝑊𝐻𝑀𝑝𝑒𝑎𝑘 =  𝐹𝑊𝐻𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −  𝐹𝑊𝐻𝑀𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 Equation 3.1 

  

𝐹𝑊𝐻𝑀𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 =  (((2θ ∗ 0.0005) + 0.0321)/(720)) ∗ 2π  Equation 3.2 

Where the 2θ position of the peak is given in radians.  

Once the true FWHM of the peak is calculated, the Williamson-Hall (W-H) method  was 

used to determine the lattice strain and crystallite size [157]. The W-H method is a 
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simplified integral breadth method where size-induced and strain-induced broadening are 

deconvoluted by considering the peak width as a function of 2θ. The W-H method 

assumes that the size and strain broadening are additive components of the total integral 

breath of a Bragg peak. Using the fact that strain-induced broadening arising from crystal 

imperfections can be related by Equation 3.3 and the Scherrer equation (Equation 3.4), 

which relates the crystallite size to the diffraction peak, the W-H method can be expressed 

in Equation 3.5 and Equation 3.6.  

𝜀 ≈  
𝛽𝑠

𝑡𝑎𝑛𝜃
⁄  Equation 3.3 

Where; βs is the portion of the FWHM broadening attributable to strain and θ is the 

peak position 

 

𝐷 =  𝑘𝜆
𝛽𝐷𝑐𝑜𝑠𝜃⁄  Equation 3.4 

Where; D is the particle size in nanometres, λ is the wavelength of the x-ray source 

(1.54056 Å for CuKα radiation), k is a constant equal to 0.94, βD is the portion of the 

FWHM broadening attributable to size and θ is the peak position  

  

βhkl = βS + βD Equation 3.5 

Rearranging gives;  

βℎ𝑘𝑙cosθ =  (
𝑘𝜆

𝐷
) + 4𝜀𝑠𝑖𝑛𝜃 

Equation 3.6 

 

In order to deduce the lattice strain and crystallite size from a sample, the Williamson-

Hall plot is produced where the term βcosθ is plotted with respect to 4sinθ for the 

preferred orientation of peaks as illustrated in Figure 3.6. Accordingly, the slope and y-

intersect of the fitted line represent the lattice strain and crystallite size respectively.  

Lattice parameters a and c for the HCP α phase as shown in Figure 3.8 were investigated 

using a Reitveld refinement completed in the MAUD software developed by Lutterotti 
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[158]. The initial phase information for use in Reitveld refinement was obtained from the 

Inorganic Crystal Structure Database [159]. During the Reitveld refinement the RWP 

value – a measure of the goodness of fit of the refinement to the data set – was minimised. 

A RWP value of 15% and below was accepted as an appropriate fit. Though values of 

RWP as low as 5% have been accepted in the literature, the resin used to mount the sample 

rendered this impossible during this study [160]. Figure 3.8 shows the Reitveld 

refinement for a Ti64 sample as well as that same sample plotted with a scan of just the 

resin that was used to mount the samples. The image shows that the peak that can be 

observed at approximately 39.5° 2θ can be attributed to the resin rather than the Ti64 

material. Thus, this peak is not accounted for in the database of the α and β phases used 

in MAUD for Reitveld refinement and thus increases the RWP value as the refinement 

cannot be fit to the peak [158]. 

 

Figure 3.6: Williamson-Hall plot enabling calculation of lattice strain and crystallite size 
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Figure 3.7: HCP unit cell for the α phase as illustrated by [161] 

 

 

Figure 3.8: Reitveld refinement of Ti64 sample (top) and the same sample plotted with a scan of 

just the resin used to mount the samples (bottom) 
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3.5.4 Grain Size Analysis 

SEM images of the microstructure were used for quantitative analysis of the primary α 

laths. The SEM images were first segmented as outlined in section 3.4. Using the Analyse 

Particles command within Fiji/ImageJ, an elliptical shape was fit to each grain from which 

the size of the major and minor axis of the grain was determined (Figure 3.9). 

 

Figure 3.9: (a) SEM image of Ti64 microstructure showing needles and (b) outlines of fitted 

shapes for quantitative analysis following image segmentation 

3.6 Density Characterisation  

3.6.1 Archimedes Principle  

After removal from the build plate, samples were assessed for density using the 

Archimedes principle according to ASTM B962 [162]. Initially samples are weighed in 

air and then again when immersed in water with their mass recorded for each. The density 

of the sample is then calculated using Equation 3.7 and compared to the theoretical 

density of Ti64 (4.44 g/cm3 [163]) to give the sample as a percentage.  

 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑚𝑎𝑖𝑟

(
𝑚𝑎𝑖𝑟 − 𝑚𝑤𝑎𝑡𝑒𝑟

𝜌𝑤𝑎𝑡𝑒𝑟
)
 

Equation 3.7 

Where; 𝑚𝑎𝑖𝑟 is the mass of the sample in air, 𝑚𝑤𝑎𝑡𝑒𝑟 is the mass of the sample in water 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 is the density of the sample and 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of the water. 
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3.6.2 Optical Microscopy 

Another method of measuring the density of samples is through optical microscopy. As 

stated in section 3.5.2 samples were imaged directly after polishing but prior to etching. 

The imaged samples were then segmented according to the procedures outlined in section 

3.4. Once the image is in binary format the Analyze Particles command within Fiji/ImageJ 

was used to calculate the percentage of the pixels classified as pores and compared to the 

total number of pixels as shown in Figure 3.10.  

 

Figure 3.10: Process showing OM determination of part density using Fiji/Image J 

3.7 Mechanical Testing  

3.7.1 Microhardness 

Vickers hardness measurements were performed using a Mitutoyo MVK-H1 hardness 

testing machine following the method outlined in ASTM E384-17 [158]. In each case 9 

samples were taken randomly across the sample with a load of 500g and a loading of 15 

sec. 

3.7.2 Tensile Testing 

Tensile samples were printed according to ASTM E8/E8M figure 8 sample 4 with 

dimensions shown in Appendix B [164]. Tensile testing was carried out on an Instron 

8801 ServoHydraulic testing system with an Epsilon axial extensometer attached to the 

gauge section of the samples as shown in Figure 3.11. The tests were conducted in strain 

control with two ramp rates. Initially the ramp rate is set at 2.4 %/min until the strain 
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reached 6.3% at which point the ramp rate increases to 3.2 %/min until failure. A 

MATLAB code was developed to calculate the stress values from the applied force and 

the cross-sectional area of the specimen whilst the strain was read directly from the 

extensometer. Finally, yield strength and strain were determined using the 0.2% offset 

method.  

 

Figure 3.11: Tensile testing using the Instron 8801 and axial extensometer 

 



 

 

 

 

Chapter 4 Density Optimisation 

 

4.1 Introduction 

As identified in literature, the production of fully dense parts is the most fundamental 

requirement in SLM processing of Ti64. This chapter addresses the first primary goal of 

this work by examining the feasibility of producing fully dense parts with the Realizer 

SLM50. Firstly the overall part density and the influence of the position of the part on the 

build plate is investigated as a function of the gas flow. Then a statistical examination of 

the laser power, scanning velocity, hatch distance and layer thickness is conducted. The 

chapter is concluded by examining the effects of density on the mechanical properties.  
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4.2 Gas Flow Characterisation 

As outlined in Chapter 2 the vast majority of literature regarding process characterisation 

and optimisation of SLM processed Ti64 focuses on the parameters which dictate the 

energy input into the process, namely, those which constitute the ED variable. Whilst this 

is justified, before optimising these variables for the Realizer SLM50 it is also prudent to 

look at the environment in which the processing takes place and specifically the gas flow 

within the SLM chamber, which remains relatively sparsely studied within the literature.  

As highlighted in Chapter 2, the gas flow during SLM serves two functions; primarily it 

is used to create an inert atmosphere such that no chemical reactions such as oxidation 

can occur. Secondly, the gas flow is used to remove process by-products from the laser 

path. These by-products may include condensate, spatter or ejected powder (Figure 4.1). 

All of which are capable of shifting the focal point through scattering or even absorbing 

incident laser energy when present in the laser path [1]. 

 

Figure 4.1: Schematic representation of by-products observed during SLM processing [105] 

The gas flow circuit of the Realizer SLM50 is shown in Figure 4.2. The system pumps 

argon through 4 inlet nozzles into the process chamber, across the build plate and out 

through 2 outlet nozzles before it is filtered and re-circulated. As it is controlled by the 
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differential pressure between the inlet and outlet flow of argon from the process chamber, 

the flow rate is independent of the filter saturation level. Typical pump power values 

range between 1.5 and 3 volts for a volumetric flow rate of 60 L/min depending on the 

filter saturation level.  

 

Figure 4.2: Gas flow circuit within the Realizer SLM50 

4.2.1 Method 

Two elements of gas flow in the Realizer SLM50 have been examined. The flow rate of 

argon gas into the chamber and the nozzle design were studied with the effect on part 

density set as the output goal as illustrated in Figure 4.3. This effect has been characterised 

in two ways, firstly as a function of the flow rate and secondly as a function of position 

on the build plate. For each input variable two levels are chosen. With regards to the flow 

rate 60 and 100 L/min are examined whilst the two nozzle designs are the default nozzle 

configuration within the Realizer SLM50 and a nozzle printed by fused deposition 

modelling (FDM) which had internal baffles to redirect the initial flow as illustrated in 

Figure 4.4. The FDM nozzle was examined due to concerns arising from the placement 

of the inlet nozzles of the default configuration whereby a number of the inlet nozzles 

appear to aim the gas flow directly into the recoater as shown in Figure 4.2. 
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Figure 4.3: Flow chart of gas flow experimental design 

 

 

Figure 4.4: (a) Realizer nozzle configuration utilising four input holes on the right-hand side of 

the chamber and (b) the FDM printed nozzle inside the Realizer chamber 

Figure 4.5 shows the build layouts used for both nozzle configurations whereby the two 

levels of flow rate were evaluated for each configuration. Firstly, single scan vectors were 

analysed across the build plate such that the meltpool width could be evaluated. Literature 

suggests a direct correlation exists between the meltpool width and the density of the parts 

[105]. To do so, 2 mm high cuboids were built up to replicate a real build environment 

and the individual scan vectors were scanned on top. Three scan vectors were scanned 

across nine locations on the built plate such that the position on the build plate could be 

analysed.  Then the scan vectors were imaged using OM and the width of the meltpool 

analysed using ImageJ. Each vector was imaged and measured separately with a 

minimum of 300 measurements taken across the plate. Secondly, nine 10 mm3 cubes were 

built using the zig-zag scan strategy across the plate with Realizer’s default process 

parameters outlined in Table 4.1. Their density was assessed using the Archimedes 

principle as outlined in section 3.6.1.  
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Figure 4.5: Build layouts for gas flow evaluation using single scan vectors and cubes for density 

analysis 

 

Table 4.1: Realizer default process parameters used during gas flow experiments 

Power 

(W) 

Velocity 

(mm/sec) 

Hatch  

(µm) 

Layer Thickness 

(µm) 

Energy Density 

(J/mm3) 

80 300 80 25 133 

 

Finally, a CFD simulation of each gas flow condition with the different combinations of 

flow rate and nozzle design was completed using Solidworks Flow Simulation. The two 

nozzle configurations were set up and boundary conditions of 60 and 100 L/min flow rate 

at the pump, inlets and outlets of the system were assessed. A tetrahedron mesh was 

employed with the max and min mesh element size of 13 and 0.1 mm, respectively. The 

fluid medium of the build chamber was argon with a density of 1.784 g/cm3 (room 

temperature density) to simulate the flow behaviour post-purge. 



  Chapter 4. Density Optimisation 

    

 

63 

 

4.2.2 Results 

4.2.2.1 Build to Build Analysis 

Figure 4.6 shows summary statistics of the velocity profile obtained from the CFD 

simulation, along with the meltpool width and part density recorded for each of the flow 

rate and nozzle configurations examined. From Figure 4.6 (a) it is evident that the nozzle 

configuration produces a higher mean velocity than the Realizer configuration for both 

flow rates examined. Furthermore, the standard deviation is almost six times greater for 

the Realizer configuration than the Nozzle configuration for each flow rate analysed. 

These results are not surprising when the gas flow profile of each of the profiles 

examined. Figure 4.7 shows that the flow profile produced by the nozzle configuration is 

more consistent across the build plate for each of the flow rates examined.  

Considering the effect of these flow conditions on the meltpool width and density of parts 

produced using these flow conditions shows a clear trend. Comparison of Figure 4.6 (b) 

and (c) show that an increase in the mean size and standard error of the meltpool results 

in an increase in the density of the samples produced. However, what differs is the method 

of obtaining a larger melt pool width which shows an inverse trend between the two 

nozzle designs. Increasing the flow rate when using the Realizer nozzle layout appears to 

decrease the size of the meltpool as well as the standard error whilst the opposite trend is 

observed when using the nozzle configuration. Overall, the highest density was obtained 

for the Realizer 60 samples which had the largest meltpool width and standard error as 

well as the lowest mean velocity.  

Similar results were obtained by Shi et al. [147] who observed increased density when 

increasing the meltpool width during SLM of thick layered Ti64. It is reasonable to 

assume that the lower velocity observed for the Realizer 60 configuration is less effective 

at removing process by-products which become suspended in the gas flow. These by-

products increase the possibility of scattering which in turn reduce the power input into 

the powder bed. Examining the standard error of the meltpool width in Figure 4.6 (c) 

would support this theory as the Realizer 60 samples demonstrated the greatest spread in 

meltpool widths indicating that scattering was occurring. Although the literature suggests 

that this would be the antithesis of what would produce quality parts, in this case these 

affects are helping rather than harming.  
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Figure 4.6: (a) Summary statistics of the velocity observed, (b) mean meltpool width and 

density measured and (c) standard error of the meltpool width and density values. Error bars 

represent one standard error in each case 
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Figure 4.7: Top-down view of the four nozzle and flow rate configurations examined, each 

centred at the centre point of the respective nozzle outlet. 

4.2.2.2 Within Build Analysis 

Figure 4.8 shows the velocity recorded in the CFD model of the gas flow across the plate 

from top to bottom and from left to right as observed in Figure 4.5. Overall, it is evident 

that significantly greater variation in the velocity is observed for the Realizer 

configuration than is observed for the nozzle configuration which can also be observed in 

Figure 4.7.  Regarding the Realizer nozzle layout, examining the plate from left to right 

or outlet to inlet in the gas flow circuit shows no direct correlation as the mean values are 

similar within each flow rate group whilst the standard error is large. The opposite is true 

when examining the velocity readings from top to bottom where significantly greater flow 

rate can be observed at the top of the plate then the bottom for both flow rates. In contrast, 

the FDM nozzle configuration appears to produce a more evenly distributed flow across 

the build plate both from inlet to outlet and from top to bottom. 
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Figure 4.8: Analysis of gas flow velocity across the plate presented from (a) left to right and (b) 

top to bottom as observed in Figure 4.5. Error bars represent one standard error 

The meltpool width and part density are plotted as a function of build plate position in 

Figure 4.9. The more consistent velocity across the build plate observed for the nozzle 

configuration has translated into a repeatable meltpool width for both flow rates studied. 

In contrast, when processing with the Realizer nozzle the meltpool width decreases across 

the build plate moving from top to bottom. Despite this, the difference observed within 

each flow rate is not as significant as the differences observed between flow rates. 

Regarding density, no distinct pattern was observed with reference to position on the build 

plate despite statistical differences occurring. In general, the bottom of the plate tended 

to produce samples with higher density though the exact position on the build plate is not 

a deterministic variable with regards to density of samples.  

As previously stated, the Realizer 60 configuration produced the highest density of any 

flow condition with a considerably lower standard error then the next best layout being 
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the Realizer 100. Although some differences were observed across the plate using the 

Realizer 60 layout, the differences were less significant than those observed between 

other flow rates. Thus, from this point forward the Realizer 60 configuration is adopted 

for all remaining builds.  

 

Figure 4.9: The effect of the build plate position on the meltpool width and density of parts. 

Error bars represent one standard error 

4.3 Laser Parameter Optimisation  

As outlined in Chapter 2 optimising the density is critical to maximising the mechanical 

properties. If the part is not fully dense, the effect of residual stresses in the part will be 

magnified as the stresses will encourage crack growth from the present pores. In such 

circumstance, fracture will occur at a low engineering strain as a result of crack 

propagation from the pores and so the state of the microstructure is essentially 

insignificant. Hence, it is essential that the proper process parameters are chosen to print 

fully dense parts. As these parameters will change for each SLM system and due to the 

lack of literature regarding processing of Ti64 using a Realizer SLM50, it was necessary 

to find the optimal printing parameters.  
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4.3.1 Experimental Method 

The four processing parameters that constitute the ED variable namely layer thickness, 

laser power, scanning velocity and hatch distance were chosen as inputs into the process 

whilst the output was part density as illustrated in Figure 4.10. All of the parameters aside 

from layer thickness could be changed for different parts within one build and so were 

suitable for a factorial style design of experiments (DOE) whilst the layer thickness 

needed to be fixed. A factorial experiment is an experimental strategy in which input 

variables are varied together, instead of one at a time [165]. The advantages of a factorial 

design include efficiency over one factor at a time (OFAT) experiments as well as 

providing the ability to examine the effect of the interaction between multiple factors on 

the output variable.  

23 factorials whereby laser power, scanning strategy and hatch distance examined at two 

levels, low and high, were conducted. Further, the centre point between the low and high 

values of each factor was repeated four times for each factorial design such that the error 

of the system could be evaluated.  

 

Figure 4.10: Flow diagram showing DOE process for density optimisation 

To determine what level to fix the layer thickness at, a screening study was completed by 

repeating the first factorial experiment for two layer thicknesses (Figure 4.11) such that 

an appropriate value could be determined. Following the screening study an iterative 

factorial DOE approach was conducted whereby the output from the first factorial 

informed the levels of the inputs for the succeeding experiment.  

Following optimisation through the factorial approach a new DOE was designed whereby 

a second output variable of build time (Figure 4.12) was introduced to examine if fully 

dense parts could be built faster. This was investigated due to hardware restrictions of the 
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Realizer SLM50 whereby the filter needs to be changed after approximately 20 hours of 

processing (depending on the geometry of the parts and process parameters being used), 

hence emphasising the advantage of building parts faster.  

Two variables which have a significant effect on build time are hatch distance and 

scanning velocity. In this case, these were examined using a OFAT approach to try and 

limit the effect on part density. Furthermore, using a OFAT approach enabled three parts 

to be printed per parameter set which facilitated reproducibility analysis for each 

parameter set which was not possible during the factorial designs due to the number of 

parts on the build plate.  

 

Figure 4.11: Process diagram illustrating the first factorial, iterative factorial and OFAT stages 

to the experimental design 

 

 

Figure 4.12: Flow diagram showing DOE process including build time 
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As outlined in sections 3.2 and 3.3 all experiments were conducted using the Realizer 

SLM50 system and Ti64 powder with a 32.7 µm (D50) particle size. In each case, 10 

mm3 cubes were built for density analysis using the Archimedes principle as outlined in 

section 3.6.1. Table 4.2 shows the factorial design used to decide on a layer thickness 

whilst Table 4.3 outlines the second factorial experiment for optimisation of process 

parameters. For each parameter, both the actual value used as well as the coded values 

are given whereby 1 indicates a high value, -1 indicates a low value and 0 indicates the 

centre point between the two. Table 4.4 shows the process parameters used for the OFAT 

experiments completed to attempt to reduce the build time whilst facilitating fully dense 

parts. In both cases, four parameter sets were designed and three cubes built for each with 

the mean density and subsequent standard deviation reported in each case. 

Following optimisation of density, cylindrical bars with a diameter of 8 mm were built in 

the vertical orientation and machined to tensile bars according to ASTM E8/E8M figure 

8 sample 4 [164]. The samples were built with four parameter sets given in Table 4.5 to 

gain an insight into the role of density in mechanical performance. Before removal from 

the build plate the samples were heat treated at 900 °C for two hours with a heating ramp 

rate of 10 °C/min and were left to furnace cool following completion of the residence 

time. The aim of the heat treatment was to remove the residual stresses and transform the 

microstructure to a (α+β) structure such that any difference in mechanical performance 

could be attributed to the difference in density. To confirm the change in microstructure, 

one specimen from each parameter set was prepared for microstructural evaluation as 

outlined in section 3.5.1. Following heat treatment the tensile tests were completed 

according to section 3.7.2 whilst the yield strength and strain were determined using the 

0.2% offset method.  
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Table 4.2: Process parameters and corresponding density values for the factorial experiment 

focusing on layer thickness   

 Power 

(W) 

Velocity 

(mm/sec) 

Hatch Distance 

 (µm) 

Part Density 

(%) 

 Actual Level Actual Level Actual Level 40µm 25µm 

T
w

o
 L

a
y
er

 T
h

ic
k

n
es

se
s 

50 -1 100 -1 50 -1 98.43 99.20 

50 -1 500 1 50 -1 94.54 97.09 

50 -1 100 -1 110 1 98.44 98.87 

50 -1 500 1 110 1 94.36 96.09 

90 1 100 -1 50 -1 99.61 99.93 

90 1 500 1 50 -1 98.60 99.34 

90 1 100 -1 110 1 99.25 99.30 

90 1 500 1 110 1 98.07 98.94 

70 0 300 0 80 0 98.68 98.59 

70 0 300 0 80 0 98.30 98.67 

70 0 300 0 80 0 98.19 98.89 

70 0 300 0 80 0 98.43 98.41 
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Table 4.3: Process parameters and corresponding density values for the iterative factorial 

experiment  

 Power 

(W) 

Velocity 

(mm/sec) 

Hatch Distance 

 (µm) 

Part Density 

(%) 

 

Actual Level Actual Level Actual Level  

It
er

a
ti

v
e 

F
a
ct

o
ri

a
l 

70 -1 100 -1 110 1 99.29 

70 -1 300 1 110 1 98.91 

70 -1 100 -1 50 -1 99.53 

70 -1 300 1 50 -1 98.69 

80 0 200 0 80 0 99.29 

80 0 200 0 80 0 99.03 

80 0 200 0 80 0 99.12 

80 0 200 0 80 0 99.20 

90 1 100 1 50 -1 100 

90 1 100 1 110 1 99.65 

90 1 300 -1 110 1 99.43 

90 1 300 -1 50 -1 99.72 

        

Table 4.4: Process parameters and corresponding observed density for the OFAT experiments 

completed 

 Power 

(W) 

Velocity 

(mm/sec) 

Hatch 

Distance 

(µm) 

Layer 

Thickness 

(µm) 

Density 

(%) 

Standard 

Deviation 

(%) 

O
F

A
T

  

V
el

o
ci

ty
 

90 100 50 25 100 0.047 

90 300 50 25 99.46 0.03 

90 500 50 25 98.99 0.208 

90 700 50 25 98.87 0.16 

O
F

A
T

  

H
a
tc

h
 90 300 40 25 99.96 0.082 

90 300 60 25 99.73 0.076 

90 300 80 25 99.62 0.037 
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Table 4.5: Parameter sets designed for printing tensile bars 

Parameter Set Power 

(W) 

Velocity 

(mm/sec) 

Hatch 

Distance  

(µm) 

Layer 

Thickness 

(µm) 

Energy 

Density 

(J/mm3) 

A 90 300 50 25 240 

B 50 500 50 25 80 

C 80 300 80 25 133 

D 70 300 100 25 93 

 

4.3.2 Results  

4.3.2.1 First Factorial and Layer Thickness 

Figure 4.13 shows the main effects plot for the first factorial experiment which was 

conducted for two layer thicknesses, 25 µm and 40 µm respectively. It is evident that 

there is an inverse relationship between the layer thickness and density whereby the mean 

density value for 40 µm is almost 0.5% lower than that of samples built using a 25 µm 

layer thickness. This can be attributed to insufficient melting due to the relatively low 

laser power of the Realizer SLM50 in comparison to other SLM systems which frequently 

have maximum power values four times that of the Realizer system.  

From Table 4.2 it is also evident that the highest density value obtained using a 40 µm 

layer thickness was 99.61% in comparison to 99.93% for that of the 25 µm layer 

thickness. In both cases, these values were produced with the settings using the maximum 

energy input in the parameter set where laser power is at its highest of 90 W and the 

scanning velocity and hatch distance are at their lowest values of 100 mm/sec and 50 µm 

respectively. This indicates that it is not possible to produce fully dense parts using a 40 

µm layer thickness. No discernible difference between the standard deviation of the 

replicated centre points was observed with values of 0.18% and 0.17% reported for the 

40 and 25 µm layer thicknesses respectively. Hence, due to the superior density values 

obtained, a 25 µm layer thickness was employed for all following experiments.  
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Figure 4.13: Main effects plot for the factorial experiment conducted with two layer thicknesses 

Figure 4.14 (a) shows the main effects plot for the 25 µm factorial experiment from the 

screening study (Figure 4.11)  independently so that the levels of the succeeding iterative 

factorial could be decided. A positive relationship was observed between density and 

power whilst velocity and hatch distance presented a negative relationship to density. This 

indicates that a high energy input is required to produce fully dense parts. Hence the 

parameter levels for the iterative factorial design included increasing the base laser power 

to 70 W from 50 W and reducing the maximum scanning velocity from 500 to 300 

mm/sec. The hatch distance levels remained constant as it was the least responsive 

variable observed at a 0.05 significance level as outlined in the Pareto chart in Figure 4.14 

(b). Furthermore, a larger hatch distance would facilitate lower build times which is 

desirable given a fully dense part can be produced. 

  



  Chapter 4. Density Optimisation 

    

 

75 

 

 

Figure 4.14: (a) Main effects plot and (b) Pareto chart for first factorial experiment with a 25 

µm layer thickness 

4.3.2.2 Iterative Factorial  

Figure 4.15 presents the Pareto chart where the response is density and the inputs are laser 

power, scanning velocity and hatch distance. Laser power and scanning velocity have the 

greatest, and only statistically significant influence at a 0.05 significance level on the 

density of parts. Examining the interaction plot in Figure 4.16 (a) shows that the density 

is completely unresponsive to a change in the hatch distance when lower laser powers or 

higher scanning velocities are used. However, these settings also coincide with lower 
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density values and do not represent the optimal parameters. In contrast, when higher laser 

powers and/or lower scanning velocities are used the hatch distance shows an inverse 

relationship to density. This suggests that at the inferior process settings the energy input 

into the powder bed is insufficient to produce fully dense parts irrespective of the hatch 

distance used. Whilst the combination of high power and low scanning speed will impart 

enough energy into the powder bed to produce fully dense parts given the interaction time 

is long enough by using a lower hatch distance. 

 

Figure 4.15: Pareto chart analysing the significance of parameters from the iterative factorial 

experiment   

Furthermore, examining Figure 4.16 (b) and (c) which illustrate density plotted as a 

function of laser power and scanning speed respectively indicates that the higher laser 

power of 90 W must be selected to maximise density. Both images plot the mean density 

for the respective sub-group with the error reported as one standard deviation. Figure 4.16 

(b) shows that the samples produced with 90 W laser power are statistically superior than 

those produced at either of the other two power settings, irrespective of the scanning 

velocity or hatch distance. In contrast, Figure 4.16 (c) indicates that although the 

maximum density values are obtained for the lowest scanning velocity of 100 mm/sec the 

result cannot be determined as statistically different from the samples produced using 300 

mm/sec. Hence, the results from the iterative factorial experiment demonstrate that a laser 
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power of 90 W must be used, and hence it was adopted for the OFAT experiments with 

respect to both velocity and hatch distance.  

 

Figure 4.16: (a) Interaction plot for density illustrating the interactions between the three 

examined factors. (b) and (c) present the effect of laser power and scanning velocity 

independently where the error bars represent one standard deviation 
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4.3.2.3 OFAT Scanning Velocity and Hatch Distance 

Table 4.4 shows the parameters utilised in both of the OFAT experiments where four 

scanning velocities from 100 – 700 mm/sec and three hatch distances from 60 – 100 µm 

were examined. Figure 4.17 shows the inverse relationship between velocity and density 

given a fixed laser power, layer thickness and hatch distance with a 1.2% difference in 

density between samples produced at 100 and 700 mm/sec respectively. Furthermore, the 

standard deviation of the groups reported in Table 4.4 shows that samples are extremely 

repeatable at lower scanning velocities of 100 and 300 mm/sec but are considerably more 

stochastic in nature at higher scanning velocities.  

This is a significant result in this overall research as it demonstrates that fully dense parts 

can be produced using the Realizer SLM50 which is a primary goal of this thesis. Further, 

it confirms previous postulations that fully dense parts can be produced given a sufficient 

interaction time between the laser and powder bed. However, the secondary objective of 

build time has to be sacrificed in order to achieve this. Moreover, building multiple 

components larger than the sample size of 10 mm3 using the combination of scanning 

velocity of 100 mm/sec and hatch distance of 50 µm is not feasible on this SLM system. 

Such long interaction times lead to significantly more process by-products which when 

combined with the length of the build time saturate the filter of the system. This is (a) not 

a safe working environment and (b) potentially damaging for the pump of the SLM 

system.  

 

Figure 4.17: Density reported as a function of scanning velocity from the OFAT velocity 

experiment where the error bars represent one standard deviation 
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Given the impracticality of the optimal settings discovered, either a faster mechanism of 

producing fully dense parts is required or else part density must be sacrificed. One method 

of reducing build time which has shown relative insensitivity to part density was hatch 

distance and so was examined in the OFAT hatch experiment with parameters outlined 

in Table 4.4. Similar to scanning velocity, an inverse relationship is evident with hatch 

distance and density as illustrated in Figure 4.18. However, as was previously observed 

in the factorial experiments, density is less sensitive to a change in the hatch distance than 

was observed for velocity with each 20 µm increase in hatch distance correlating to a 

0.15% reduction in density. Furthermore, the standard deviation was below 0.1% for all 

hatch distance groups which indicates that the repeatability of the samples is also 

influenced more by laser power and scanning velocity than hatch distance.  

From these experiments the optimal parameter settings with respect to density 

optimisation have been established as; 90 W laser power, 100 mm/sec scanning velocity, 

50 µm hatch distance and 25 µm layer thickness. However, issues with build time on the 

Realizer SLM50 at these process settings make them impractical and potentially 

dangerous to implement for many build jobs where large and/or multiple parts are 

required on a build plate. In such circumstances, a small adjustment of scanning velocity 

and/or more significant adjustments in hatch distance could be used to reduce the build 

time with the density level marginally sacrificed.  

 

Figure 4.18: Density reported as a function of hatch distance from the OFAT hatch experiment 

where the error bars represent one standard deviation 
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4.3.2.4 Mechanical Performance 

As previously stated, it was impossible to build tensile bars using the optimal settings 

found for density due to the build time required. Thus, the closest parameter set to the 

optimal settings used a scanning speed of 300 mm/sec rather than 100 mm/sec and as 

such produced the highest density of the tensile samples at 99.4% (Table 4.6) rather than 

the 100% observed in Figure 4.18. This corresponds to the density value observed for the 

same parameters in the OFAT velocity experiment shown in Figure 4.17 which indicates 

that this is repeatable over multiple build jobs and not just within each build.  

Table 4.6 shows the density obtained for tensile bars built using the parameters outlined 

in Table 4.5. Astonishingly groups C and D reported the exact same density despite a 

significant difference in parameters, with group C having a higher laser power and lower 

hatch distance than group D. In theory, and according to the optimisation studies this 

should have produced higher density samples, yet both groups reported 98.6%.  

Table 4.6: Mechanical properties and density values observed for the four parameter sets studied 

Parameter 

Set 

Density (%) Yield Stress 

(MPa) 

Yield 

Strain 

(%) 

UTS 

(MPa) 

Failure 

Strain 

(%) 

A 99.4 860.7 2.55 946.8 13.21 

B 97.5 724.8 2.35 811.1 4.53 

C 98.6 830.1 2.56 906.5 7 

D 98.6 844.3 2.45 932.9 6.6 

 

Figure 4.19 reports mechanical properties as a function of the mean density of the three 

samples for each group, where a clear positive trend between density and failure strain 

can be observed. For example, at 13.2%, the mean failure strain of samples built with 

99.4% density is over three times greater than those built with a mean density of 97.5% 

whilst the failure strain values obtained for groups C and D are statistically the same. In 

contrast, the yield strain remains statistically identical for all samples tested irrespective 

of the density. The differences in performance of the mechanical properties can be 

attributed entirely to the density of the samples. Figure 4.20 shows SEM analysis for all 

samples where identical (α+β) microstructures were observed. Hence the brittle 



  Chapter 4. Density Optimisation 

    

 

81 

 

martensitic α’ has been decomposed as a result of the heat treatment facilitating increased 

fracture strain values in samples with increased density.  

Examining Figure 4.19, the stress values appear to reveal a minimum threshold in terms 

of density. All groups which have density values over 98% display UTS values above 

900 MPa and yield strength (YS) values above 800 MPa which aligns with values 

observed in the literature for heat treated specimens [166]. In contrast, the samples 

produced with 97.5% density repeatedly presented stress values of circa 820 MPa whilst 

the YS was repeatedly around 730 MPa. Furthermore, both the UTS and YS appear to 

show a positive relationship with density as the sample with the highest density also had 

the highest mean UTS and YS values.  

 

Figure 4.19: Mechanical properties reported as a function of part density and parameter set 

where error bars represent one standard error 
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Figure 4.20: SEM images of (α+β) microstructure observed for all parameter sets 

4.4 Conclusion 

Density optimisation using the Realizer SLM50 has been conducted by examining the 

process environment in the form of the gas flow along with the laser parameters. The gas 

flow optimisation considered a total of four flow scenarios in the form of two nozzle 

layouts namely the default Realizer and an FDM printed nozzle as well as two flow rates 

60 and 100 L/min respectively. Results from the CFD model presented lower flow 

velocity for the Realizer nozzle. This correlated well with an increased meltpool width 

which was attributed to a reduction in the removal of by-products during the process as a 

result of a low velocity. The increase in meltpool width led to increased density values. 

Thus, the Realizer nozzle with a 60 L/min flow rate which presented the lowest velocity 

and greatest meltpool width also resulted in the highest density. Furthermore, analysis of 

the effect of gas flow on the position of parts on the build plate revealed that the same 
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flow scenario was also the most repeatable. Thus the Realizer 60 flow configuration was 

adopted for the remaining builds.  

A statistical examination of the laser parameters took place where laser power, layer 

thickness, scanning velocity and hatch distance were examined through a number of 

factorial and OFAT style experiments. Initially, examination of the layer thickness 

revealed that a 25 µm layer thickness was required to produce samples with a high 

density. In contrast the 40 µm layer thickness yielded lower density values irrespective 

of any other process parameters. Further examination of the parameters demonstrated that 

laser power and scanning velocity had the greatest impact on the density as was observed 

in literature [85], [90]. Increasing the laser power and decreasing the scanning velocity 

led to increased density within the as-built parts irrespective of the hatch distance used. 

Fully dense parts were printed using a laser power of 90 W, scanning velocity of 100 

mm/sec and a hatch distance of 50 µm. However, this parameter set is not conducive to 

printing parts of a any significant size due to hardware restrictions. Hence OFAT 

experiments were conducted focusing on scanning velocity and hatch distance with the 

aim of reducing the build time.  

Increasing the scanning velocity from 100 – 700 mm/sec led to a reduction in density 

from 100% to 98.87% whilst a 70% increase in the standard deviation was also observed. 

Increasing hatch distance had a less significant effect whereby an increase in the hatch 

distance from 40 – 80 µm only reduced the density from 99.96% to 99.62% with standard 

deviation reducing as the hatch distance was increased. Hence, using a 90W laser power 

was considered essential to process high density parts with the Realizer SLM50 whilst 

scanning velocity or in particular hatch distance can be varied to enable more parts to be 

built.  

Four parameter sets were designed to analyse mechanical properties as a function of 

density by heat treating as-built samples to remove the effects of microstructure and 

residual stresses. Increasing density from 97.5% – 99.4% led to an increase in the mean 

fracture strain from 4.53% – 13.21% whilst two sample groups with the same density 

presented statistically identical tensile properties. Furthermore, UTS shows an increasing 

trend with regards to density where a critical threshold was established. 

 



 

 

 

Chapter 5 Microstructures 

 

5.1 Introduction 

This chapter addresses the second goal highlighted in section 1.3 which is to achieve in-

situ decomposition of the brittle martensitic α’ microstructure. The effects of pre-heating 

temperature, hatch distance, laser spot size and layer thickness are examined. The DOE, 

experimental setup and experimental methods are presented to outline the procedures 

used. Following which the impact of each parameter upon the density of the samples is 

presented due to the importance of building fully dense specimens. Then, the 

microstructures of the different parameter sets are presented and discussed through OM, 

SEM and XRD analysis.  
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5.2 Design of Experiment 

Figure 5.1 outlines the DOE constructed to explore as-built Ti64 microstructures. The 

inputs of build plate pre-heating, hatch distance, layer thickness and laser spot size are 

examined with reference to part density and microstructure whilst mechanical 

performance is discussed in Chapter 6. Literature has demonstrated that the chosen 

parameters can aid in the decomposition of the martensitic microstructure which is 

omnipresent within SLM of Ti64. As outlined in section 2.3.3 pre-heating in particular 

has also been shown to drastically reduce residual stresses formed during processing [64], 

[74], [137], [149]. However, these parameters have never been examined together and the 

interactions between them remain unknown. Section 2.3 outlines that laser power and 

scanning velocity are the most critical for density optimisation. As such, the laser power 

of 90 W and scanning velocity of 300 mm/sec developed in Chapter 4 have been retained 

with the aim of maintaining dense samples. 

 

Figure 5.1: Flow diagram showing DOE used to explore as-built Ti64 

Similar to the density optimisation study, a factorial approach DOE was deemed 

appropriate. Figure 5.2 shows the experimental design for exploration of as-built 

microstructures. The design is centred around a factorial DOE including laser spot size, 

hatch distance and layer thickness, which is repeated for three pre-heating temperatures 

of 150, 300 and 450 °C respectively. Table 5.1 outlines the parameters examined for each 

pre-heating temperature. The limits of each parameter were chosen with the aim of 

achieving α’ decomposition without adversely affecting density. Barriobero et al. [137] 

observed α’ decomposition for when using tight hatch distance of 40 µm whilst Qiu et al. 

[82] observed porosity for layer thicknesses in excess of 60 µm. With regards to spot size, 

limited literature exists for guidance so the two values were chosen to represent high and 
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low power densities calculated according to Equation 5.1.  In each case the energy density 

metric, is calculated using Equation 2.1.  

The variation in ED values is attributed to the changes in hatch distance and layer 

thickness as shown in Figure 5.2. However, the energy input into the powder bed will 

change significantly given changes in the laser spot size. These effects are not reflected 

in the ED variable and thus analysis by ED alone can be misleading. Therefore, a second 

measure of energy input in the form of the power density is presented in Table 5.1. The 

power density is a representation of the instantaneous energy input into the powder and 

is calculated according to Equation 5.1. It considers the area over which the laser power 

is applied and so represents changes to energy input with regards to variations in spot 

size. Consideration of these two metrics in combination rather than individually leads to 

a more accurate understanding of the energy input into the powder bed during processing.  

𝑃𝐷 =  
𝑃

𝐶𝑆𝐴𝐷4𝜎
 

Equation 5.1 

 

Where PD is the power density, P is the laser power and 𝐶𝑆𝐴𝐷4𝜎 is the cross-sectional 

area of the 𝐷4𝜎 laser spot size. 

 

Figure 5.2: Experimental design for as-built exploration 
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Table 5.1: Factorial parameters examined at three pre-heating temperatures 

Layer 

Thickness  

(µm) 

Spot 

Size  

(µm) 

Hatch 

Distance 

(µm) 

Laser 

Power  

(W) 

Scanning 

Velocity 

(mm/sec) 

Energy 

Density 

(J/mm3) 

Power 

Density 

(W/mm2)  

25 63 40 90 300 300 0.029 

25 63 60 90 300 200 0.029 

25 63 80 90 300 150 0.029 

25 63 100 90 300 120 0.029 

50 63 40 90 300 150 0.029 

50 63 60 90 300 100 0.029 

50 63 80 90 300 75 0.029 

50 63 100 90 300 60 0.029 

25 170 40 90 300 300 0.004 

25 170 60 90 300 200 0.004 

25 170 80 90 300 150 0.004 

25 170 100 90 300 120 0.004 

50 170 40 90 300 150 0.004 

50 170 60 90 300 100 0.004 

50 170 80 90 300 75 0.004 

50 170 100 90 300 60 0.004 

 

5.3 Experimental Method 

5.3.1 Experimental Setup 

Figure 5.3 shows the Realizer SLM50 printer used in this study fitted with a custom 

designed heating assembly capable of heating the build plate up to 450 °C. Figure 5.3 (d)  

shows a detailed view of the heater sub-assembly which consists of; the titanium build 

plate, a resistance heater, a carriage to facilitate movement in the vertical direction and 

an insulator made from pyrophyllite. The insulator component has a low thermal 

conductivity of 1.5 W/m.K which protects electrical components located below the build 
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chamber as well as enabling the maximum heat transfer from the resistance heater into 

the build plate above. The resistance heater consists of a ceramic heating element made 

of silicon nitride type OMA which has a maximum operating temperature of 500 °C.  

 

Figure 5.3: (a) Photograph of build chamber of the Realizer SLM50 printer used for this work. 

(b) cross-section of CAD showing the build chamber and build plate assembly (c) heated build 

plate sub-assembly and (d) detailed section view of the heater sub-assembly 

The temperature of the build plate was monitored using a type k thermocouple which was 

fed through the heater and embedded into the build plate. The thermocouple was 

calibrated using an Ametek Model 650SE high temperature thermocouple calibration 

unit. Eleven measurements were made by reading the thermocouple through a NI9219 

universal analogue input module into NI LabView. The data recorded was compared 

against the temperature set on the calibration unit and plotted in Figure 5.4. The 

calibration equation is shown in Figure 5.4 and was subsequently used to adjust the 

temperatures recorded during SLM builds. 
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Figure 5.4: Thermocouple calibration chart showing the calibration function 

The laser spot size on the Realizer SLM50 can be altered by changing the relative distance 

between the laser and the focusing lenses. The spot size was measured using an Ophir 

Photonics SP1203 beam profiling camera at the centre of the build plate. As outlined in 

section 3.3 all experiments were conducted using the Realizer SLM50 system and Ti64 

powder with a 32.7 µm (D50) particle size. For each parameter set, the customised build 

plate shown in Figure 5.3 (c) and (d) was pre-heated to the target temperature and allowed 

to settle for five minutes. One 10 mm3 cube and five tensile specimens were built 

according to ASTM E8/E8M figure 8 sample 4 using a zig-zag scan strategy [164].  

5.3.2 Post-Printing Analysis 

Two samples from each cube were prepared for microstructural evaluation as outlined in 

section 3.5.1. Prior to etching the polished samples were imaged and used for density 

analysis using the OM technique as outlined in section 3.6.2. Following density analysis, 

one sample was used for XRD and microhardness analysis whilst the other sample was 

etched and used for OM and SEM examination as outlined in section 3.5.  

5.4 Results and Discussion 

Though the primary focus of this chapter was to explore differences in as-built 

microstructures, the effect of the process parameters on density is presented given its 
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importance for mechanical properties of Ti64 components. Following which the results 

for microstructural evolution is presented through OM, SEM and XRD analysis. 

5.4.1 Density  

5.4.1.1 Overview 

Figure 5.5 shows the Pareto and main effects plots for the impact of pre-heating 

temperature, spot size, layer thickness and hatch distance on part density. The Pareto plot 

in Figure 5.5 (a) indicates that the laser spot size and the relationship between spot size 

and layer thickness have a statistically significant effect on density for a 95% confidence 

interval. Following this is the hatch distance and the relationship between hatch distance 

and the laser spot size which also show a noteworthy effect on the density of as-built 

parts.  

These findings are reflected in the main effects plot (Figure 5.5(b)) which plots the effects 

of each parameter individually on the density of as-built samples. The pre-heating 

temperature appears to have fundamentally no effect on the density of specimens, as was 

reported by Vrancken et al. [135]. In contrast, the other three studied parameters all have 

strong correlations to density. Spot size and hatch distance both demonstrate a positive 

correlation with density whilst the layer thickness shows a reduction in density as the 

thickness was increased from 25 to 50 µm. The interaction plot presented in Figure 5.6 

gives a better insight into the relationship between the factors. 
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Figure 5.5: (a) Pareto and (b) main effects plots for density as a function of the four process 

variables examined 

Examining the interactions regarding the laser spot size from Figure 5.6 shows no 

statistically significant difference across the three pre-heating temperatures at each of the 

spot sizes used. Though the 170 µm spot size was superior for all three pre-heating 

temperatures which can be ascribed to the fact that the laser parameter optimisation from 

Chapter 4 took place at the larger setting. With regards to the relationship between hatch 

distance and spot size, a positive correlation was observed between hatch distance and 

density for both spot sizes examined. However, processing with the 63 µm spot size 
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resulted in a lower mean density across all hatch distances as well as a larger spread 

between the different hatch values.   

 

Figure 5.6: Interaction plot showing the relationships between the various process parameters 

examined during the pre-heating study 

The relationship between the laser spot size and layer thickness is critical for the density 

of as-built parts. With mean values below 99%, using a layer thickness of 50 µm yielded 

a poor mean density irrespective of the spot size. With regards to samples built with a 50 

µm layer thickness, all samples produced using the smaller spot size of 63 µm resulted in 

over-melting whilst those produced with the larger spot size of 170 µm resulted in under-

melting (Figure 5.9). In contrast, the samples produced with a 25 µm layer thickness 

presented excellent density when combined with a 170 µm spot size whilst significant 

over-melting was observed when the spot size was reduced to 63 µm.  

As aforementioned the build plate temperature shows no significant effect for either of 

the layer thicknesses examined. Though, at all three pre-heating temperatures the 25 µm 

thickness is superior to the 50 µm samples. Examining the interaction between the layer 

thickness and hatch distance shows an increase in density as the hatch distance is 

increased for both layer thicknesses. Further, samples built with a 25 µm layer thickness 

produced significantly greater density than those with the 50 µm for all hatch distances 
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apart from the tightest hatch distance examined which yields approximately the same 

density value.  

The superior performance of the 25µm samples can be attributed to the laser parameter 

optimisation taking place at that value and with a 170 µm spot size. Yet, the results of 

interactions from the 50 µm samples where both over and under melting were observed 

for different laser spot sizes, indicates that the relationship between these two factors and 

not each individually should be considered during future laser parameter optimisation 

attempts. 

The hatch distance shows a positive relationship with density whereby an increase in 

hatch distance from 40 to 100 µm resulted in an increase in density irrespective of the 

other process settings used. This is reflected in the relationship between hatch distance 

and build plate temperature which shows no significant difference for any given hatch 

distance across the three build plate pre-heating temperatures. Yet it can be observed that 

the mean density of each sample group across the three pre-heating temperatures shows 

the aforementioned positive relationship.  

5.4.1.2 Individual Process Settings 

In order to fully understand the porosity development during SLM, the individual process 

settings must be analysed in more detail rather than just examining the data means as is 

the case in the Pareto and main effects plots. Given that the laser spot size had the greatest 

effect on the density of the as-built samples as outlined in Figure 5.5 (a), it is logical to 

examine the other parameter groups with reference to that.  

Figure 5.7 shows OM images of samples produced with a 63 μm spot size and 300 °C 

pre-heating temperature. Samples built at this temperature were chosen for OM imaging 

but could have been substituted with those built at the other two temperatures given the 

low impact of pre-heating temperature on part density. Figure 5.8 shows the density 

values obtained for all samples processed using the 63 µm laser spot size as a function of 

both pre-heating temperature and hatch distance respectively. Figure 5.8 (a) and (c) 

confirm the findings that the pre-heating temperature has no effect on density whilst (b) 

and (d) reveal the positive relationship between hatch distance and density.  
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Despite the increase in density, the highest mean value using the 63 µm spot size was 

only 99.61% which was obtained for a 100 µm hatch distance and a 50 µm layer thickness. 

In fact, samples produced with a 25 µm layer thickness struggled to obtain densities over 

99% which is evident from the images in Figure 5.7. Furthermore, the OM images reveal 

that the porosity evident can all be attributed to over-melting due to the spherical nature 

of the pores. As outlined in section 2.3.1 excessively high energy inputs such as those 

created during melting with a small spot size leads to improper closure of the keyhole 

type meltpool during melting due to entrapped gas and/or material evaporation [147]. 

Furthermore, literature suggests that processing with smaller spot sizes leads to a deeper 

melt pool [167]. Regarding which, Ma et al. [168] determined that when processing with 

deep melt pools, the gas at the bottom of the melt pool cannot escape during the rapid 

solidification which in turn causes pores in the scan tracks. 

 

Figure 5.7: OM images of samples produced with a 63 µm laser spot size and various layer 

thicknesses and hatch distances 
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Figure 5.8: Mean densities and standard error obtained for samples produced with a 63 µm laser 

spot size 

Figure 5.9 shows the OM images for samples produced using the larger 170 µm laser spot 

size. Again, in each case the samples were taken from the 300 °C pre-heating temperature 

but similar images would be expected from any of the pre-heating temperatures studied. 

Figure 5.10 shows the density values obtained for all samples produced using a 170 µm 

laser spot size.  

Figure 5.10 (b) reveals that the samples produced with a 25 µm layer thickness show a 

similar positive relationship to hatch distance as those reported for the 63 µm spot size 

but with significantly higher density. The highest mean value of 99.84 % was again 

obtained for the 100 µm hatch distance, yet the mean value of all samples produced with 

a hatch distance of 60 µm or greater was 99.8 %, a clear increase on any other sample 

group. These results are also reflected in the OM images in Figure 5.9 for the 25 µm layer 

thickness which show almost fully dense samples when processing with hatch distances 

in the range of 60 – 100 µm. The pores evident in the lower section of this range can be 

attributed to over-melting due to the increased laser-sample interaction time at smaller 
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hatch distances. However, as hatch distance increases and the laser-interaction time 

decreases, the number and size of these pores reduce. 

Figure 5.10 (c) shows the samples produced with a 50 µm layer thickness as a function 

of pre-heating temperature. As in other cases, there is no statistical difference between 

the sample groups and the difference in the mean values can be attributed to stochastic 

events such as spatter ejection or improper recoating between layers. In contrast to other 

sample groups, Figure 5.10 (d) shows that the hatch distance has no effect on the mean 

value of the density with all hatch distances reporting a mean density of 98.8% and above. 

Figure 5.9 provides some insight where crack-like pores can be observed for all hatch 

distances within the group. This indicates that irrespective of the difference in interaction 

times between the laser and sample caused by the change in hatch distance, the energy 

input was insufficient to achieve full melting. As indicated in literature, the larger spot 

size of 170 µm leads to a shallower melt pool which provides insufficient energy to fully 

melt the larger layer thickness of 50 µm [167]. Furthermore, these crack-like pores have 

been identified as more detrimental to mechanical performance than the spherical pores 

observed for other sample groups, and hence must be avoided [169].  

 

Figure 5.9: OM images of samples produced with a 170 µm laser spot size and various layer 

thicknesses and hatch distances 
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Figure 5.10: Mean densities and standard error obtained for samples produced with a 170 µm 

laser spot size 

5.4.2 Thermal History 

The microstructure of SLM processed Ti64 parts is a direct result of the thermal history 

that the part undergoes. Figure 5.11 presents the critical cooling stages during SLM 

processing of Ti64 as well as indicative cooling paths of three different microstructures. 

As a result of scanning by the laser, the Ti64 material is in a molten state at temperatures 

above the β transus which depend on the processing parameters chosen. Following this, 

the cooling path can be divided into three critical stages as shown in Figure 5.11; 

1. Rapid cooling from the molten state towards the quasi-isothermal temperature of 

the previously solidified layers 

2. Residence time within the quasi-isothermal tempering window until completion 

of the build 

3. Gradual cooling towards room temperature once the build is completed 
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Figure 5.11: Possible cooling paths observed during SLM processing and indication of potential 

microstructures 
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The first stage is cooling of the meltpool during solidification towards the quasi-

isothermal tempering temperature. The maximum temperature reached and cooling rates 

during this stage can be regarded as the most critical stage for β grain formation and 

subsequent transformation to the β phase [170]. The maximum temperature of the 

meltpool is determined by the process parameters used though the cooling rate in this 

range remains largely uncontrollable during the first melting of any given layer. During 

this first melt the β phase will undergo a diffusionless transformation to the α’ martensitic 

phase as the cooling rate – estimated at 103 – 105 K/sec – is significantly higher than the 

critical martensitic cooling rate of 410 K/sec [171].  

Figure 5.12 shows the thermal profile that each specific point within a part experiences 

where the process parameters chosen will impact the subsequent re-melting of any given 

layer. During re-melting the maximum temperature reached is lower than that observed 

during initial melting and hence over time the cooling rate will be reduced. Hence, by 

controlling parameters that effect the re-melting of layers during processing, the number 

of times each layer crosses the β transus temperature and the subsequent cooling rate from 

that point, can be controlled.  

 

Figure 5.12: Thermal profile in a point of a part which experiences initial melting and 

subsequent remelting as a function of laser parameters 
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The second cooling stage consists of a dwell at a quasi-isothermal temperature where the 

previously melted layers have settled at a quasi-equilibrium temperature. This 

temperature is dictated by the processing parameters used. For example, increasing pre-

heating temperature or interaction time between the laser and material will serve to 

increase the quasi-equilibrium temperature of the part. For the remainder of this work, 

this stage will be referred to as the tempering window. Higher temperatures will increase 

the time spent within the α’ decomposition window which has been identified as 600 – 

800 °C in previous literature [75], [172]. Increased residence time in the martensitic 

transformation window has been shown to lead to transformation from the α’ martensite 

phase towards the more stable (α+β) phase as illustrated in Figure 5.11 [149].  

The final stage in the cooling regime of SLM processed Ti64 specimens is a gradual 

cooling to room temperature once the build has completed. With regards to the heated 

build plate employed in this work, once the build was completed the cooling was 

controlled to 0.66 °C/min. These three stages outlined broadly represent the cooling 

regimes experienced by any given point in the build. However, in reality the thermal 

history is far more complex where various degrees of re-melting or re-heating occur and 

are dependent on the process parameters. For example, the actual temperature 

experienced during the tempering window will cycle significantly during the first number 

of layers after the initial scanning as the subsequent layers are scanned and re-heating and 

re-melting occurs (Figure 5.12). Over time the sensitivity of any given point to the newly 

scanned layers diminishes and the quasi-equilibrium is achieved. Controlling these 

complex interactions during initial scanning and subsequent heating is crucial in 

controlling the as-built microstructure.  

5.4.3 Optical Microscopy 

Figure 5.13 shows a graphical representation of the experimental design used to explore 

microstructural possibilities in the as-built state. Three different microstructures namely, 

martensitic α’, α’ + (α+β) and Widmanstätten (α+β) were identified amongst the 36 

different parameter sets. The martensitic α’ microstructure which is widely reported for 

SLM processed Ti64 was observed for 26 of the parameter sets examined. Figure 5.14 (a) 

shows the needle like α’ laths within columnar prior-β grains. This structure has been 
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heavily reported in the literature for as-bult SLM processed Ti64 [57], [70], [74], [90], 

[113], [115].    

The martensitic α’ structure was observed for all samples processed at a pre-heating 

temperature of 150 °C. Further, 66% of samples processed with a pre-heating temperature 

of 300 °C also presented α’ martensite microstructures. Of the 300 °C pre-heating group, 

only those samples with tight hatch distances and a 63 µm spot size demonstrated any 

change in the as-built microstructures (Figure 5.13). As noted previously, the α’ structure 

is formed during SLM when the cooling rates during solidification exceed the critical 

martensitic cooling rate of 410 K/sec [171]. Hence, those samples with a martensitic α’ 

structure were unsuccessful at reducing the cooling rate sufficiently during processing to 

enable decomposition of the α’ structure.  

 

 

Figure 5.13: Experimental design and indication of subsequent microstructures observed 
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Figure 5.14: Examples of the three different microstructures observed throughout the different 

parameter combinations. (a)-(b) shows the martensitic α’ structure, (c)-(d) shows the partially 

decomposed α’ + (α+β)  and (e)-(f) shows the Widmanstätten (α+β) structure   

Figure 5.14 (c) – (d) shows the second microstructure observed whereby partial 

decomposition from the α’ martensite structure has taken place.  Figure 5.14 (c) shows a 

low magnification micrograph whereby the typical needle-like structure within columnar 

prior-β grains is not evident. Instead, small pockets of α’ needles sit interspersed amongst 

larger α grains within a semi-equiaxed β grain structure.  Furthermore, under higher 

magnification as observed in Figure 5.14 (d), some expanded grains can be seen mixed 

with α’ needle-like laths. This structure has been observed for samples within the 300 and 

450 °C pre-heating groups. In the case of the 300 °C group, this partial decomposition 

has been observed where a 63 µm spot size and 60 µm hatch distance has been used for 

both the 25 and 50 µm layer thicknesses. These tighter hatch distances increase the area 

of the powder bed that undergoes re-heating which, in combination with the pre-heating 

of 300 °C, have enabled an increase in the quasi-equilibrium temperature within the 

tempering window during processing. This in turn facilitates a reduction in the cooling 

rate such that the residence time within the α’ decomposition window is increased 

sufficiently to enable minor α’ decomposition.  

Finally, Figure 5.14 (e) – (f) shows the low and high magnification micrographs of the 

Widmanstätten (α+β) structure which was observed for 7 different parameter sets as 

observed in Figure 5.13. Figure 5.14 (e) shows that, as was the case with the α’ + (α+β) 



 Chapter 5. Microstructures

    

 

103 

 

structure aforementioned, the columnar prior-β grains are no longer present. Rather, the 

microstructure consists of α colonies inside large semi-equiaxed, previous β grains 

(Figure 5.14 (c) and (e)). This difference in the β grains is indicative of extensive growth 

at temperatures above the β transus temperature [117]. Following processing above the β 

transus the Widmanstätten (α+β) structure will form where intermediate cooling rates of 

<20 °C/sec are present [173]. The Widmanstätten (α+β) structure is formed due to the 

preferential growth of the α phase parallel to the (110) crystallographic plane of the β 

phase according to the Burgers relationship given in Equation 5.2 [173]–[175]. Due to 

the fast growth possible along these crystallographic planes, the α phase is formed as flat 

plates or fine lamellae as can be seen in Figure 5.15 (a).  

 

(1 1 0)𝛽  ↔ (0 0 0 1)𝛼 

〈1 1̅ 1〉𝛽 ↔ (0 0 0 1)𝛼 

Equation 5.2 

 

Gil et al. [173] examined the formation of the Widmanstätten structure as a function of 

cooling rate for the Ti64 alloy. Figure 5.15 (b) shows the comparative microstructure they 

observed when cooling Ti64 samples from 1100 °C at a rate of 0.81 °C/sec. Increases in 

the pre-heating temperature serves to reduce the cooling rate during solidification which 

is reflected in the observed microstructures. As illustrated in Figure 5.13, a number of 

samples processed with a 300 °C pre-heating temperature presented a Widmanstätten 

(α+β) structure. However this represented only 2 of the 12 parameter sets, whilst an 

increase in the pre-heating temperature to 450 °C resulted in 5 of the 12 parameter sets 

processed displaying a Widmanstätten (α+β) structure.  

Examination of Figure 5.13 reveals that decreasing layer thickness, hatch distance and 

laser spot size all had a positive influence on the decomposition from α’ martensitic to 

Widmanstätten (α+β) microstructures. Table 5.1 shows that a reduction in these 

parameters all serve to increase energy input into the process by measure of the ED and 

power density variables. Further, the reduction in the hatch distance serves to increase the 

percentage of the powder bed that undergoes re-melting which gives greater opportunity 

for β grain growth. Combined these effects all serve to increase the quasi-isothermal 
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temperature of the tempering window. Furthermore, reducing layer thickness from 50 to 

25 µm serves to approximately double the build time. This means that whilst each new 

layer is subsequently being scanned, the bulk that has already been solidified is being 

tempered for a longer duration.  

The combination of these three parameters and their subsequent effect in increasing the 

tempering window temperature can be compared to heat treatment below the β transus 

temperature. Heat treatment studies of Ti64 have shown that an increase in residence time 

below the β transus temperature results in increased α and β grain size [169]. Plaza et al. 

[166] determined that heat treating Ti64 in the (α+β) field results in a microstructure that 

consists of α grains, whose size depends on the temperature and duration of the treatment. 

Furthermore, Vrancken et al. [117] observed a greater influence of residence time for 

treatments above the β transus temperature. At the elevated temperatures, the β grain size 

significantly increases which enables the α colony size to increase. Reduction in the hatch 

distance increases the time spent above the β transus during processing which facilitated 

transformation of the prior-β grains into the semi-equiaxed structure that was observed 

for the α’ + (α+β) and Widmanstätten (α+β) structures illustrated in Figure 5.14 (c) – (f).  

 

Figure 5.15: (a) Higher magnification image of Widmanstätten microstructure observed for 

sample built with 40 µm hatch distance at a pre-heating temperature of 450 °C (b) 

Widmanstätten structure observed by Gil et al. [173].  
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5.4.4 SEM 

Figure 5.16 shows high magnification SEM micrographs for the three microstructures 

observed through OM imaging. Figure 5.16 (a) illustrates the α’ martensitic structure 

obtained for the vast majority of the samples. Figure 5.16 (b) provides high magnification 

images of the α’ + (α+β) observed initially in Figure 5.14 (d). This structure shows the α’ 

laths interspersed amongst regions of α’ + (α+β) where some of the martensite has 

decomposed towards a (α+β) structure. Finally Figure 5.16 (c) shows the high 

magnification image of the Widmanstätten (α+β) structure observed in Figure 5.15 (a). 

White dot and rod β phase is observed along and between the enlarged α phase grains 

indicating the increased volume fraction of β phase in the sample in comparison to the 

other two microstructures observed. Xu et al. [149] reported a similar microstructure for 

a SLM processed Ti64 sample heat treated at 800 °C for four hours.  

Figure 5.17 shows the Pareto chart where the response is the primary α lath thickness, 

and the variables are the parameters highlighted in the DOE (section 5.2). Chapter 2 

outlines how an increase in the α lath thickness is correlated with an increase in fracture 

strain. The results indicate that pre-heating temperature is the only statistically significant 

variable acting on the primary α lath thickness at a 0.05 significance level. However, 

notable effects are also observed for the laser spot size, as well as the relationship between 

the laser spot size and the layer thickness.  

Figure 5.18 (a) shows the main effects for the relationships between the process 

parameters studied and the primary α lath thickness. Independently, primary α lath 

thickness appears to be insensitive to a change in the layer thickness. Reducing the hatch 

distance from 100 to 40 µm serves to increase the mean primary α lath thickness from 0.7 

to 0.77 µm whilst hatch distances between these are open to variations. Spot size shows 

a negative relationship to the primary α lath thickness with a difference of 0.1 µm 

observed between the means of samples produced using 63 and 170 µm respectively. The 

trend observed for pre-heating temperature is positive where increases in the pre-heating 

temperature from 150 – 450 °C led to an increase in the mean primary α lath thickness 

from 0.66 to 0.85 µm.  
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Figure 5.16: SEM micrographs showing the microstructures of (a) α’ martensite (b) α’ + (α+β) 

and (c) Widmanstätten (α+β) 



 Chapter 5. Microstructures

    

 

107 

 

 

Figure 5.17: Pareto chart showing the effects of the studied parameters on the primary α lath 

thickness 

Figure 5.19 shows the primary α lath thickness presented as a function of pre-heating 

temperature divided and sub-divided by layer thickness and spot size respectively. This, 

along with the interaction plot (Figure 5.18 (b)) enables evaluation of the effect of the 

pre-heating temperature as well as the relationship between spot size and layer thickness 

as identified in the Pareto chart (Figure 5.17). Figure 5.19 shows that the primary α lath 

thickness is insensitive to an increase in pre-heating temperature from 150 – 300 °C for 

most sample groups. The one exception to this is the samples produced using a 63 µm 

spot size and 50 µm layer thickness for which positive linear relationship between pre-

heating temperature and primary α lath thickness can be observed.  

Figure 5.19 (a) shows that the primary α lath thickness is less sensitive to a change in spot 

size for samples produced with a 25 µm layer thickness where the mean primary α lath 

thickness value drops by only 0.04 µm given an increase from 63 to 170 µm in the laser 

spot size. Furthermore, examining the 25 µm layer thickness group yields no statistical 

difference for samples produced with varying spot sizes for pre-heating temperatures of 

150 and 300 °C respectively. In comparison, at the highest pre-heating temperature of 

450 °C a substantial increase of 0.15 µm was observed for the 63 µm spot size. 
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Figure 5.18: (a) Main effects and (b) interaction plots for the effect of each studied parameter on 

primary α lath thickness 

The interaction plot in Figure 5.18 (b) confirms that the spot size has a more significant 

impact on primary α lath thickness when processing with a 50 µm layer thickness 

whereby a mean difference of 0.17 µm was observed between the two spot sizes. Figure 

5.19 (b) shows that this holds for all pre-heating temperatures whereby a statistically 

significant difference can be observed between the 63 and 170 µm spot sizes for all pre-

heating temperatures examined. Furthermore, samples produced with a 63 µm spot size 
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and 50 µm layer thickness demonstrated the greatest mean primary α lath width of any 

other group analysed. However, the single parameter setting that produced the greatest 

primary α lath thickness used a 25 µm layer thickness, 63 µm spot size and 450 °C pre-

heating temperature.  

 

Figure 5.19: Primary α lath thickness and standard error presented as a function of pre-heating 

temperature for (a) 25 µm and (b) 50 µm layer thicknesses respectively 

Results reported above indicate that increasing the pre-heating temperature to 450 °C and 

decreasing the laser spot size from 170 to 63 µm facilitate increased primary α lath 

thickness. The increase in pre-heating temperature serves to increase the quasi-

equilibrium temperature of the part following scanning which leads to reduced cooling 

rates hence giving increased time for expansion of the α grains. Decreasing the laser spot 

size to 63 µm serves to increase the power density as reported in Table 5.1. This in turn 

increases the total energy absorbed into the powder bed which leads to an increase in the 

meltpool temperature. This increase in meltpool temperatures enables primary α lath 

expansion in two ways. Firstly, the increase in temperature above the β transus 

temperature leads to increased β grain expansion which is the limiting factor for the α 

grain size. Thus increased β grain expansion leads to larger α grain size. Secondly, the 

increase in meltpool temperature also increases the quasi-isothermal conditions within 

the part. Hence the subsequent layers are subjected to lower cooling rates.  

The same benefit of lowering the spot size is not realised within the 25 µm layer thickness 

sample group. This can be attributed to the increased cooling rates observed when 

processing with lower layer thicknesses [74]. In fact, at the lower pre-heating 
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temperatures, reducing the spot size appears to be detrimental to the primary α lath 

thickness. This results from the combined effects discussed above whereby the reduction 

in laser spot size leads to an increase in the meltpool temperature however, the reduction 

in layer thickness increases the cooling rates. In such circumstances finer grains would 

be expected as can be observed for samples processed with the 150 °C pre-heating 

temperature. Increasing the pre-heating temperature to 450 °C appears to reduce the 

cooling rates sufficiently such that the increase in meltpool temperature becomes 

beneficial due to advantages of the increase in temperature above the β transus as 

previously discussed. 

Analysing the 50 µm layer thickness samples appears to confirm this. The increased layer 

thickness facilitates a lower cooling rate which results in greater α lath thicknesses for 

samples produced with the 63 µm spot size. Finer grains are observed for the 170 µm spot 

size as the lower power density (Table 5.1) reduces the overall energy input which results 

in a lower temperature meltpool which is not conducive to primary α lath expansion. 

Hence, primary α lath expansion is determined by two factors. Firstly, increasing the 

meltpool temperature and secondly controlling the cooling rates sufficiently to prevent 

fine martensitic grains forming. 

5.4.5 X-Ray Diffraction 

Phase analysis of the material was conducted using XRD analysis according to processes 

outlined in section 3.5.3. Figure 5.20 shows a sample of XRD spectra scanned for one 

specimen over (a) the full range scanned and (b) a reduced range between 33 – 45 2θ. The 

XRD spectra for each parameter set broken down by pre-heating temperature are 

available in Appendix A. The spectra observed in Figure 5.20 are characteristic of SLM 

produced Ti64 whereby HCP α or α’ phase peaks can be indexed according to published 

research with matching XRD patterns [176]–[178]. Generally in as-built SLM processed 

Ti64 specimens no BCC β peaks are observed. Accordingly the β volume percentage of 

all samples in this work was below the threshold that could be measured using the MAUD 

[158] software.  
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Figure 5.20: Sample XRD spectra indicating the indexed α/α’ peaks plotted for (a) the full 

scanned range and (b) reduced 33 – 45 2θ 

Analysis of the XRD spectra through the W-H method as outlined in section 3.5.3 enables 

evaluation of the HCP lattice as a function of the pre-heating temperature, layer thickness, 

spot size and hatch distance respectively. The lattice strain of each sample was calculated 

using the slope of the W-H plot where a positive slope indicates the presence of tensile 

strain in the material [179]. The α/α’ peaks corresponding to the (002) and (101) planes 

as illustrated in Figure 5.21 were examined to determine the lattice constants a and c 

through Reitveld refinement. Finally, curve fitting of the XRD spectra was completed 

according to the process outlined in section 3.5.3 which enables evaluation of the FWHM, 

peak intensity and peak position respectively. 

 

Figure 5.21: Reitveld refinement conducted for the (002) and (101) α planes 
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Figure 5.22 and Figure 5.23 plot the XRD spectra for two reduced ranges between 37 – 

42 and 52 – 58 2θ for all the samples processed subdivided by laser spot size and layer 

thickness. In contrast to Figure 5.20 which plots the intensity of the spectra on a linear 

scale, Figure 5.22 and Figure 5.23 plot the peak intensity on the logarithmic scale which 

enables analysis of subtle changes in peaks.  

Figure 5.22 (a) – (b) and Figure 5.23 (a) – (b) respectively show the (002)α/α’ and 

(101)α/α’ peaks as previously indexed. Furthermore, a small peak is present close to 39.5 

2θ which has been attributed to the resin that is used to hold the sample as outlined in 

section 3.5.3. However, the 2θ position of the (110) BCC β peak also sits close to 39.5 

2θ. Examination of Figure 5.22 (a) – (b) and Figure 5.23 (a) – (b) reveals that a number 

of peaks in this 2θ position show deviations from the peak generated by the resin and thus 

can be attributed to the (110)β peak formation.  

As indicated by the solitary red arrow in Figure 5.22 (a), evidence of the (110)β peak can 

only be observed for one sample processed using a 170 µm spot size. Similarly, analysis 

of the (200)β peak is presented in Figure 5.22 (c) – (d) and Figure 5.23 (c) – (d). Again 

the use of a 170 µm spot size is not conducive to the formation of β phase in the as-built 

state with only two samples demonstrating minor indications of the presence of the (200)β 

peak as shown by the arrows in Figure 5.22 (c). Both the (110)β and (200)β were evident 

for samples processed with a 40 µm hatch distance and 25 µm layer thickness at a pre-

heating temperature of 450 °C. Although some evidence of the (200)β was observed for 

the same parameters at pre-heating temperatures of only 300 °C which indicates a certain 

level of β phase in samples processed with these conditions.  

The parameters for which the β phase can be observed result in increased re-melting of 

previous layers and high meltpool temperatures due to the tight hatch distance and small 

layer thickness. In combination with high pre-heating temperatures, low cooling rates 

from above the β transus temperature and an increased quasi-isothermal temperature 

within the tempering window are facilitated. In contrast, the lack of β phase in 50 µm 

samples as observed in Figure 5.22 (b) and (d) can be attributed to the lower meltpool 

temperature and reduction in previous layer re-melting during processing which is not 

conducive to β grain expansion. Thus when processing with a 170 µm spot size, the β 
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phase is only identifiable when pre-heating temperature, ED and power density values 

are maximised to enable a high meltpool temperature and low cooling rates.  

In contrast to the solitary (110)β peak observed for 170 µm spot size samples, Figure 5.23 

(a) – (b) illustrates 6 peaks where the (110)β peak can be observed from the XRD spectra 

of samples produced with a 63 µm spot size. Similarly, the (200)β peak was identified  

for 12 samples within the 63 µm spot size group (Figure 5.23 (c) – (d)). Examining the 

process parameters of samples with β phase identifiable reveals significant overlap 

between the (110)β and (200)β peaks.  

With regards to the (110)β peak, both layer thicknesses enable β phase formation for hatch 

distances of 40 µm providing the pre-heating temperature is 300 °C or greater. This 

implies that the decrease in hatch distance is (a) facilitating higher meltpool temperatures 

where β grains can expand rapidly and (b) reducing the cooling rates such that a β → α 

transformation will occur. Furthermore, within the 25 µm layer thickness group (110)β 

peaks can also be observed for greater hatch distances up to 80 µm providing the pre-

heating temperature is 450 °C. Although smaller layer thicknesses have been linked with 

increased cooling rates the reduction in layer thickness will also facilitate greater re-

melting of previous layers [74]. This means that the material is experiencing greater 

opportunity for β grain growth whilst the higher pre-heating temperature reduces the 

cooling rate sufficiently to compensate for the higher cooling rates associated with larger 

hatch distance. 

Similar results can be observed for the (200)β peak in Figure 5.23 (d). In fact all samples 

that indicate presence of the (110)β peak also indicate presence of the (200)β peak. 

Furthermore, the (200)β was also identified for a greater range of pre-heating 

temperatures and hatch distances which indicates a certain level of β phase formation 

within these samples.  As previously stated, reducing the spot size and hatch distance both 

serve to increase the meltpool temperature whilst increasing pre-heating temperature 

serves to decrease the cooling rate. Hence the β phase has formed in samples which have 

a high meltpool temperature but sufficiently slow cooling rates such that a β → α or β → 

α+α’ transformation can take place. In general, it can be concluded that a small spot size, 

tight hatch distance, small layer thickness and high pre-heating temperature are conducive 

to increasing the β volume fraction in the as-built state of SLM processed Ti64 samples.  
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Figure 5.22: XRD spectra plotted for the reduced ranges of 37 – 42 2θ (a) and (b) as well as52 – 

58 2θ (c) and (d) for samples processed with a 170 µm spot size and layer thicknesses of 25 and 

50 µm respectively. The hatch distance of each sample is labelled, and the pre-heating groups 

are identified 
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Figure 5.23: XRD spectra plotted for the reduced ranges of 37 – 42 2θ (a) and (b) as well as52 – 

58 2θ (c) and (d) for samples processed with a 63 µm spot size and layer thicknesses of 25 and 

50 µm respectively. The hatch distance of each sample is labelled, and the pre-heating groups 

are identified 
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5.4.5.1 Crystal Lattice Strain  

Crystal lattice strain can provide a valuable insight into the phase composition of Ti64. 

As outlined in section 2.2 the equilibrium α phase has a HCP crystal structure which has 

theoretical lattice parameters of a = 2.935 Å and c = 4.685 Å. However, the α’ martensitic 

phase also presents a HCP structure but is compressed in comparison to the equilibrium 

α phase with lattice parameters of a = 2.933 Å and c = 4.655 Å respectively [45]. Thus, 

increases in tensile lattice strain are indicative of decomposition of the α’ structure 

whereby the compressed martensite crystal structure is expanding towards that of the α 

phase.  

Figure 5.24 and Figure 5.25 show the Pareto chart, main effects plot and interaction plot 

where the response is lattice strain, and the inputs are pre-heating temperature, spot size, 

layer thickness and hatch distance. The Pareto chart indicates that pre-heating 

temperature, hatch distance and spot size in descending order have a statistically 

significant effect on the lattice strain of the as-built parts at a 0.05 significance level. 

Furthermore, the relationships between layer thickness and spot size, spot size and hatch 

distance and hatch distance and pre-heating temperature also statistically influence the 

lattice strain in the as-built parts.  

From the main effects plot in Figure 5.25 (a), the positive strain values show that all 

samples analysed exhibited a positive slope from the W-H analysis indicating the lattice 

expanding. Furthermore, Figure 5.25 confirms that independently the layer thickness has 

fundamentally no effect on the lattice strain. In contrast the other three variables all 

demonstrate sharp slopes indicating the level of impact of each factor. Spot size and hatch 

distance both show negative relationships to the lattice strain whilst the pre-heating 

temperature has a positive relationship.  
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Figure 5.24: Pareto chart showing statistical significance of parameters on the lattice strain 

Figure 5.26 presents the lattice strain as a function of the pre-heating temperature, the 

most sensitive parameter according to the Pareto chart (Figure 5.24). The positive trend 

is observed in each group with the samples produced using a 450 °C pre-heating 

temperature showing strain values 2.05 – 2.93 times greater than those processed with 

150 °C for each of the groups respectively. These large lattice strains are indicative of the 

significant lattice expansion obtainable at higher pre-heating temperatures. Similar results 

have been reported in the literature where a comparable increase in lattice strain was 

observed during heat treatment in the same temperature window of 150 – 450 °C [161]. 

Examining the difference between groups in Figure 5.26 provides insight into the 

relationship between the spot size and layer thickness identified in the Pareto chart (Figure 

5.24). For both layer thicknesses, samples processed with the lower 63 µm laser spot size 

led to statistically significant increases in the observed lattice strain. Though, it must be 

noted that the effect of the change in spot size on lattice strain is markedly greater in 

samples processed with a 25 µm layer thickness than for those which used 50 µm. 

Specifically within the group of 25 µm layer thickness, the combination of a low spot size 

and 450 °C pre-heating temperature produced a mean lattice strain of 0.017 microstrain 

which was significantly greater than any other group analysed. 
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Figure 5.25: (a) Main effects and (b) interaction plots for the effect of each studied parameter on 

lattice strain 

Figure 5.27 presents the lattice strain as a function of the hatch distance. This, along with 

the interaction plot (Figure 5.25 (b)) enables evaluation of the significant relationship 

between hatch distance and spot size as identified in the Pareto chart (Figure 5.24). 

Similarly to the interaction with the layer thickness, the smaller 63 µm spot size resulted 

in a greater lattice strain for all hatch distances, apart from the samples produced using a 

hatch distance of 100 µm for which both groups are approximately equal. Furthermore, 
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examining hatch distance independently shows that reducing the hatch distance from 100 

to 40 µm led to increased lattice strain values, irrespective of the other process parameters 

employed. Explicitly, the hatch distance shows an almost linear relationship to lattice 

strain for samples processed with a 63 µm spot size. In contrast, the samples processed 

using the larger 170 µm spot size demonstrated no significant differences in lattice strain 

for samples produced with hatch distances between 60 – 100 µm. Meanwhile sharp 

increases in lattice strain can be observed for the 40 µm hatch distance sample groups.   

The final significant relationship identified in the Pareto chart between the hatch distance 

and pre-heating temperature can be observed from the interaction plot in Figure 5.25 (b). 

This shows that samples produced with a 40 µm hatch distance show an approximate 

linear relationship between pre-heating temperature and lattice strain. Increasing pre-

heating temperature from 150 – 450 °C led to an increase in lattice strain from 0.007 to 

0.018 microstrain. In contrast the remaining hatch distance groups appear to be insensitive 

to increases in pre-heating temperature from 150 to 300 °C. Further increase in pre-

heating temperature to 450 °C facilitated substantial increases from 0.006 to 0.013 

microstrain for hatch distances of 60 and 80 µm respectively. Though a small increase 

can be observed, samples produced with a 100 µm hatch distance appear to be insensitive 

to an increase in pre-heating temperature. Further, no large lattice strain values are 

observed at this hatch distance irrespective of the other parameters used. This implies that 

lattice expansion is only possible, though to various degrees, for samples produced using 

hatch distances between 40 – 80 µm.  

The increases in lattice strain observed for increases in pre-heating temperature or by 

reducing hatch distances, spot sizes and layer thicknesses can be attributed to their 

combined effect upon maximum temperature, residence time and cooling rates during 

processing. Higher pre-heating temperatures serve to increase the quasi-equilibrium 

temperature of the part as additional layers are scanned. This facilitates lower cooling 

rates following scanning but also increased temperature that the bulk part experiences in 

the tempering window.  

The increase in ED and power density values obtained through reducing the hatch 

distance and laser spot size respectively appear to have a greater affect for the lower layer 

thickness. This can be observed from the magnitude of the lattice strains but also the 
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difference between the laser spot sizes. Reducing the spot size when processing with 50 

µm layer thickness only has a minor impact on the lattice strain whilst the same change 

when using a 25 µm layer thickness serves to more than double the lattice strain observed 

in most cases. As previously stated, increasing the energy input serves to increase both 

the maximum temperature during processing but also the semi-equilibrium temperature 

at which the solidified part is tempered. The increase in maximum temperature serves to 

increase the β phase formation above the β transus temperature. Furthermore, the increase 

in the semi-equilibrium temperature experienced within the tempering window leads to 

increased residence time within the α’ decomposition window. Increasing residence time 

at these temperatures has been proven to enhance a β → α transformation resulting in a 

more stable (α+β) structure.   

 

 

Figure 5.26: Lattice strain presented as a function of pre-heating temperature for (a) 25 µm and 

(b) 50 µm layer thickness respectively 
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Figure 5.27: Lattice strain presented as a function of hatch distance for (a) 25 µm and (b) 50 µm 

layer thickness respectively 

5.4.5.2 Crystal Lattice Parameters 

The crystal lattice parameters were measured using Reitveld refinement as outlined in 

section 3.5.3. Figure 5.28 shows the Pareto chart highlighting the statistical impact of the 

studied parameters on the unit cell ratio c/a. Examination yields that none of the examined 

parameters have a statistically significant impact on the crystal lattice ratio at the 0.05 

significance level.  

Despite the lack of statistical significance, hatch distance has been identified as having 

the greatest effect on the c/a ratio out of the parameters studied. Figure 5.29 plots the c/a 

ratio as a function of hatch distance. A clear positive trend can be observed whereby an 

increase in the hatch distance from 40 – 100 µm has increased the c/a ratio from 1.595 Å 

to 1.5965 Å. A reduced c/a ratio at lower hatch distances correlates with stress relaxation 

in the crystal lattice as observed from the increased lattice strain values obtained for the 

same sample groups (Figure 5.27). Furthermore, the reduction in c/a ratio towards the 

(α+β) equilibrium value of 1.592 Å indicates decomposition of α’ martensite towards an 

(α+β) structure [38]. This is backed up by the previously presented XRD analysis which 

identified the existence of BCC beta peaks and the α’ → (α+β) transformation in samples 

with tight hatch distances. Similar results have been observed in the literature where 

Kaschel et al. [180] observed a reduction in the c/a ratio from 1.597 Å to 1.594 Å through 

heat treatment at 550 °C. 
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Figure 5.28: Pareto chart showing statistical significance of parameters on the crystal lattice 

parameter ratio 

 

 

Figure 5.29: Crystal lattice parameter c/a ratio plotted as a function of hatch distance 

5.4.5.3 XRD Spectra Analysis 

Further evidence of α’ decomposition is observed through analysis of the XRD spectra. 

Xu et al. [75] attributed broadening of the XRD spectra to internal residual stresses within 

the crystal structure. Yang et al. [116] reported that α’ martensite structures presented 

broadening of the (101)α’ and (002)α’ peaks. Furthermore, they correlated the α’ peaks 

observed shifted to greater 2θ values which is comparable to the work of Ungar [181] 

who demonstrated a relationship between higher 2θ values and residual stresses. Finally, 
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Kaschel et al. [181] observed relationships between the intensities of the (101)α/α’ and 

(002)α/α’ peaks and the growth of the β phase in heat treated Ti64 parts.  

The FWHM of the XRD spectra were measured according to the process outlined in 

section 3.5.3. Figure 5.30 (a) and (b) show the Pareto charts for the (101)α/α’ and 

(002)α/α’ respectively. Both peaks are – at a 0.05 significance level – statistically 

sensitive to changes in both the hatch distance and pre-heating temperature while the 

(002)α/α’ peak is also influenced by the laser spot size. The main effects plots presented 

for the same peaks in Figure 5.30 (c) and (d) demonstrate that an increase in the hatch 

distance from 40 – 100 µm results in peak broadening where the FWHM value increases 

by 43% and 52% for the (002)α/α’ and (101)α/α’ peaks respectively.  

Conversely, increasing the pre-heating temperature from 150 – 450 °C results in a 

decrease in the FWHM of both peaks by 33%. A less significant impact on the (002)α/α’ 

peak is observed when examining spot size, however decreasing the spot size from 170 

to 63 µm resulted in narrowing of the peak by 20%. Similar levels of peak narrowing 

have been observed during in-situ high temperature XRD analysis for heat treatment 

temperatures of 500 °C [161]. Significant narrowing of the XRD spectra can be attributed 

to the relaxation of the crystal lattice as α’ decomposes into an α structure. Hence, these 

results indicate that decomposition of α’ martensite is possible at high pre-heating 

temperatures, small hatch distances and lower spot sizes which correlates with the 

increases in lattice strain as the HCP α unit cell expands from the constricted state in α’ 

martensite structures.    
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Figure 5.30: Pareto charts and main effects plots for the FWHM of (101)α/α’ ((a) and (c)) and 

(002)α/α’ ((b) and (d)) peaks respectively 

The maximum intensities of the (101)α/α’ and (002)α/α’ peaks were obtained from the 

fitting of gaussian curves to the XRD spectra as outlined in section 3.5.3. Figure 5.31 (a) 

and (b) show the Pareto charts for the effects of the studied parameters on the peak 

intensity of the (101)α/α’ and (002)α/α’ respectively. All four studied parameters appear 

to exert statistical influence at the 0.05 significance level upon the intensity of the 

observed peaks. Figure 5.31 (c) and (d) show the main effects plots for the same α/α’ 

peaks where a clear negative trend can be observed with respect to hatch distance. 

Decreasing the hatch distance from 100 – 40 µm led to a 47% increase in peak intensity 

of the (101)α/α’ peak. Similarly, a 32% increase in peak intensity was observed for the 

(002)α/α’ peak given the same change in hatch distance.   
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Figure 5.31: Pareto charts and main effects plots for the peak intensity of (101)α/α’ ((a) and (c)) 

and (002)α/α’ ((b) and (d)) peaks respectively 

The main effects plot with regards to the effect of pre-heating provides slightly misleading 

results. Figure 5.32 (a) – (d) illustrates the peak intensity as a function of pre-heating 

temperature broken into sub-groups by layer thickness and spot size respectively. Figure 

5.32 (a), (b) and (d) confirm the main effects plot in Figure 5.31 (c) where a positive 

relationship can be observed between pre-heating temperature and the peak intensity. In 

contrast Figure 5.31 (d) displays a conflicting relationship where the 150 °C pre-heating 

temperature appears to correlate to the highest peak intensity. Figure 5.32 (c) shows that 

the values obtained for the peak intensities of the (101)α/α’ and (002)α/α’ peaks are 

abnormally large.  

The mean peak intensity for samples produced with a pre-heating temperature of 150 °C 

from the rest of the groups was 112.38 A.U. for the (101)α/α’ peak and 49.15 A.U. for 

the (002)α/α’ peak respectively. In comparison the values obtained for the (101)α/α’ and 

(002)α/α’ peaks with a pre-heating temperature of 150 °C (Figure 5.32 (c)) were 194.7 

and 97.64 AU respectively. Furthermore cross referencing these samples with the OM 

and SEM images reveals that all samples within the 150 °C sample groups presented α’ 
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martensite structures. Therefore these data points can be considered as outliers, most 

likely caused by experimental error. Excluding these samples from the analysis,  Figure 

5.32 (c) shows an increase in the (101)α/α’ intensity and approximate stagnation of the 

(002)α/α’ intensity for an increase in the pre-heating temperature with all other 

parameters unchanged.  

Overall, the analysis of peak intensity across all parameter sets suggests that the pre-

heating temperature has a positive relationship with the peak intensity indicating 

transformation from α’ martensite to α phase as the pre-heating temperature is increased. 

 

Figure 5.32: Intensity of the (101)α/α’ and (002)α/α’ peaks reported as a function of pre-heating 

temperature for each layer thickness and spot size sub-group 

5.5 Conclusion 

A total of forty-eight parameter sets across three pre-heating temperatures, four hatch 

distances, two layer thicknesses and two laser spot sizes have been examined and their 

influence on the resulting part’s density and as-built microstructure analysed.  
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Statistical analysis shows that build plate pre-heating temperature has no effect on the 

density of as-built samples. In descending order, laser spot size, layer thickness and hatch 

distance all have notable contributions to the density of Ti64 specimens. Further, 

considering these parameters individually can provide uncertainty and hence they should 

be considered together. For example, processing with a 63 µm spot size led to poor 

density for almost all processing parameters yet utilising a 50 µm layer thickness and 100 

µm hatch distance yielded specimens with a mean density above 99.5%.  

In general, the smaller spot size of 63 µm led to vast over melting due to the deeper 

meltpool associated with the increased power density from the smaller spot size whilst 

increasing the spot size led to increased mean density values. The optimum density values 

were obtained using the larger 170 µm spot size in combination with a layer thickness of 

25 µm and a hatch distance of 100 µm. 

With regards to the as-built microstructure, three different structures namely, α’ 

martensite, α’ + (α+β) and Widmanstätten (α+β) were observed. From OM micrographs, 

the vast majority of samples observed possessed an α’ martensite structure consisting 

entirely of α’ laths contained within prior-β grains. The α’ + (α+β) structure consisted of 

pockets of α’ needles interspersed amongst larger α grains within a semi-equiaxed β grain 

structure and was observed for lower hatch distance and spot size values at higher pre-

heating temperature. Finally, the Widmanstätten (α+β) structure consisted of larger α 

colonies within large quasi-equiaxed previous β grains. The Widmanstätten (α+β) 

structure was observed almost entirely for samples produced with a 63 µm spot size and 

40 µm hatch distance at higher pre-heating temperatures irrespective of the layer 

thickness. Reduction in the layer thickness led to increased α’ → α decomposition in the 

form of Widmanstätten structures appearing for higher hatch distances when 25 µm layer 

thicknesses were used. 

SEM micrographs identified some β phase within the α’ + (α+β) and Widmanstätten 

(α+β) structures and enabled quantification of the primary α laths. Results show that the 

primary α lath thickness is statistically sensitive to the pre-heating temperature where a 

positive relationship exists. Furthermore, hatch distance and spot size also demonstrated 

notable impact on the primary α lath thickness with both demonstrating a negative 

relationship.  
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Analysis of the XRD spectra led to comparable results where the (110)β and (200)β peaks 

were primarily observed for samples produced with the smaller 63 µm spot size, though 

a small number of exceptions were detected for the 170 µm spot size specimens. 

Furthermore, reductions in hatch distance and layer thickness along with increases in pre-

heating temperature – primarily above 300 °C – correlated with observations of the β 

phase in the as-built samples. Quantitative analysis of the XRD spectra in the form of 

lattice strain, lattice c/a ratio, FWHM and peak intensity analysis was conducted. All 

indicate increased α’ martensite decomposition towards an (α+β) structure for reduced 

spot size, layer thickness and hatch distance in combination with increasing pre-heating 

temperature. 

Results presented confirm that, given the right combination of process parameters, α’ 

martensite decomposition is possible in as-built SLM processed Ti64 specimens. 

Increasing the energy into the process in the form of reducing hatch distance, spot size 

and layer thickness served to increase α’ → α transformation. However, no martensite 

decomposition was observed for the lowest pre-heating temperature of 150 °C and limited 

transformation was observed for samples produced with a 300 °C pre-heating 

temperature. In contrast, of the samples processed at the highest pre-heating temperature 

of 450 °C half presented a Widmanstätten (α+β) structure thus the most influential 

parameter studied is the pre-heating temperature.  

Examining the effects of process parameters on both density and microstructure reveals 

that a trade-off exists for both spot size and hatch distance. Spot size has been identified 

as statistically significant for microstructure development and density level. However, in 

the case of density an increase in spot size resulted in an increase in density whilst 

increasing the spot size was detrimental to achieving in-situ α’ decomposition. Similarly, 

hatch distance has a notable impact on both density and microstructure where increasing 

the hatch distance was beneficial to density but detrimental for in-situ α’ decomposition. 

Layer thickness and pre-heating temperature demonstrate clearer relationships to density 

and microstructure. Processing at a 50 µm layer thickness was not conducive to achieving 

high density levels or in-situ decomposition. In contrast, the pre-heating temperature was 

statistically insignificant to density levels yet statistically significant to in-situ 

decomposition.  



 

 

 

 

Chapter 6 Mechanical Properties 

 

6.1 Introduction 

This chapter addresses the final goal set out within section 1.3 which is to examine the 

effects of as-built microstructures and densities on the mechanical properties of as-built 

SLM processed Ti64. Elemental analysis is also presented and its effect on the mechanical 

properties of the as-built parts is discussed. The chapter is concluded by discussing the 

impact of energy input on the tensile properties of as-built components. 
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6.2 Experimental Method  

As outlined in section 5.3, one cube and five tensile bars were built for each parameter 

set of pre-heating temperature, hatch distance, layer thickness and spot size. Vickers 

microhardness measurements were conducted on one specimen for each sample group 

according to ASTM E384-17 as outlined in section 3.7.1. The five tensile specimens were 

built in the vertical orientation according to ASTM E8/E8M figure 8 sample 4 and tested 

as outlined in section 3.7.2 [164]. Interstitial element analysis was conducted using inert 

gas fusion which is a method to quantitatively determine the content of gasses in ferrous 

and non-ferrous materials.  

6.3 Elemental Analysis 

Section 2.2 outlines how interstitial elements which include oxygen and nitrogen can be 

used to alter the mechanical properties of Ti64 parts [38], [43]. Specifically an increase 

in either of these elements serves to increase the strength of Ti64 parts at the expense of 

a reduced fracture strain. Literature shows that titanium has an affinity to pick up oxygen 

at increased pre-heating temperatures with detrimental effects to mechanical properties 

[135]. Hence, one sample group with the closest parameters to the optimal parameter set 

outlined in Chapter 4 was subjected to interstitial element analysis at three different pre-

heating temperatures. Table 6.1 outlines the parameters used and the results from the 

interstitial elements analysis. Examination of Table 6.1 along with Figure 6.1 show a clear 

increase in both oxygen and nitrogen percentages given an increase in pre-heating 

temperature. Furthermore, all of the samples tested failed to conform to ASTM F136 

[140] which gives a maximum oxygen percentage of 0.13% for Ti64 ELI.  

The increase in the interstitial elements’ content within the as-built parts can be attributed 

to the affinity of titanium to pick up oxygen at high temperatures as outlined in section 

2.2. The failure to comply to the ELI standard for all samples tested indicates that even 

the meltpools of samples processed with low pre-heating temperatures reach sufficient 

temperatures to attract residual oxygen from the surrounding process chamber. Further 

increase in the meltpool temperature and in the quasi-equilibrium temperature of the 

tempering window associated with increased pre-heating temperature is well correlated 
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with the increasing trend in Figure 6.1. Similar results were presented by Vrancken et al. 

[135] who observed considerable increases in both oxygen and nitrogen content as pre-

heating increased up to 400 °C.  

Table 6.1: Interstitial element analysis sample parameters and results 

Spot Size  

(µm) 

Hatch 

Distance 

(µm) 

Layer 

Thickness 

(µm) 

Pre-Heating 

Temperature 

(°C) 

Oxygen 

(wt. %) 

Nitrogen  

(wt. %) 

170 80 25 

150 0.14 0.025 

300 0.17 0.026 

450 0.2 0.027 

 

 

Figure 6.1: Interstitial element analysis plotted as a function of pre-heating temperature 

6.4 Microhardness 

Figure 6.2 shows the Pareto chart where the response is microhardness and the inputs are 

layer thickness, spot size, hatch distance and pre-heating temperature respectively. 

Analysis reveals that pre-heating temperature and the relationship between layer 

thickness and hatch distance are statistically significant factors at a 0.05 significance 

level. However, the hatch distance both independently and as part of a relationship with 
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both spot size and layer thickness respectively demonstrates a notable impact on the 

microhardness response.   

Figure 6.3 shows the main effects and interaction plots where the response is 

microhardness. Examining the range in the main effects plot in Figure 6.3 (a) shows that 

all the samples sit within a relatively small window between 390 and 403 HV. These 

values are representative of the predominantly α’/α microstructures observed through 

micrographs and XRD spectra in Chapter 5 and are comparable to values reported in 

literature for as-built SLM processed Ti64 [182], [183]. 

 

Figure 6.2: Pareto chart showing statistical influence of the studied parameters on 

microhardness 

Further analysis of the main effects plot (Figure 6.3 (a)) shows that microhardness is 

insensitive to a change in spot size whilst increasing layer thickness from 25 – 50 µm 

leads to a small reduction of 5 HV. As indicated in the Pareto chart (Figure 6.2) pre-

heating temperature and hatch distance demonstrate more considerable influence on the 

microhardness. Pre-heating demonstrates a positive relationship with microhardness 

where an increase in pre-heating from 150 – 450 °C increases the observed microhardness 

from 390 – 402 HV. Hatch distance shows a more complex relationship whereby a 

relatively sharp decline in microhardness is observed as hatch distance is increased from 

40 – 60 µm but is followed by a gradual increase in the mean value as the hatch distance 

increases towards 100 µm.  
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Chapter 5 outlined the considerable affect that lowering the laser spot size and layer 

thickness had on the as-built microstructures with decreasing values of both parameters 

facilitating α’ → (α+β) decomposition. Thus relatively insignificant changes observed in 

microhardness at the same spot size and layer thickness levels indicates that the variation 

in microhardness as a function of hatch distance and pre-heating temperature cannot be 

attributed to changes in the microstructure. Rather, the high microhardness observed for 

the 40 µm hatch distance sample group as well as for increased pre-heating temperatures 

is attributed to increases in the oxygen percentage as observed in previous literature [38], 

[184].   

This is further confirmed through analysis of the interaction plot in Figure 6.3 (b). 

Examining the interaction between layer thickness and hatch distance that was identified 

as statistically significant demonstrates the influence of oxygen on the microhardness. 

The 40 µm hatch distance sample from both layer thickness groups displays an elevated 

microhardness value as the increase in meltpool temperature was sufficient to facilitate 

increased oxidation for both layer thicknesses. However, the samples built with hatch 

distances between 60 – 100 µm display opposite trends. The meltpool temperature of the 

50 µm layer thickness group is lower than that of the 25 µm group. Hence, as the hatch 

distance was increased the microhardness increased due to the significant martensite 

observed at higher hatch distances within this group. In contrast, increasing the hatch 

distance within the 25 µm layer thickness group leads to a reduction in the meltpool 

temperature and thus a reduction in oxidation. Hence reducing the microhardness value.  
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Figure 6.3: (a) Main effects plot and (b) interaction plot between layer thickness and hatch 

distance where the microhardness is the response  

6.5 Screening Study 

Before the prints from the DOE outlined in section 5.2 were conducted, a screening study 

was completed to determine the processing route of the tensile specimens. Given the 

primary goal of this thesis is to examine the capabilities of as-built parts and thus the 

removal of post processing from the production cycle – the goal of this screening study 

was to determine whether tensile bars could be printed in the net-shape. Thus the two 
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options were printing net shape tensile specimens or printing cylinders and machining to 

the desired geometry as illustrated in Figure 6.4.  In each case 3 samples were built with 

a pre-heating temperature of 150 °C and process parameters outlined in Table 6.2. These 

matched the parameter set A utilised in section 4.3.2.4 which presented a mean density 

of 99.4% and the highest fracture strain from the heat treated specimens analysed at 

13.21%.  

 

Figure 6.4: Illustrations of the two processing routes considered namely (a) net-shape and (b) 

machined from cylindrically printed samples 

 

Table 6.2: Process parameters used for the tensile specimen screening study 

Laser Power 

(W) 

Scanning 

Velocity 

(mm/sec) 

Hatch 

Distance 

(µm) 

Layer 

Thickness 

(µm) 

Energy 

Density 

(J/mm3) 

90 300 50 25 240 

 

Figure 6.5 illustrates the tensile properties of the specimens printed in the net shape and 

those that were machined from a cylindrical profile. The median UTS of net shape 

samples was statistically superior to those measured for the machined samples with a 
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difference of 35 MPa in the median values reported. Furthermore, the spread in the data 

was significantly greater in the machined samples with a standard error of 30.26 MPa 

compared to 5.28 MPa observed for net shape samples. Comparison of the median yield 

stress values indicated no statistically significant difference between the groups though 

the error associated with the machined samples was five times greater than that of net 

shape specimens. At 6.2% and 3.74% respectively the fracture strain of the net shape 

samples was vastly superior to that obtained for machined specimens. These differences 

are attributable to increased tensile residual stresses that are imparted on specimens 

during machining of Ti64 as observed in literature [185]. Thus, the tensile samples built 

for evaluation of density and microstructure were built in the net shape.  

 

Figure 6.5: Tensile properties of net shape and machined tensile specimens respectively. Error 

bars represent one standard deviation 

6.6 Tensile Properties 

The tensile properties of SLM processed Ti64 specimens are affected by numerous 

variables including but not limited to, density, microstructure, and oxygen percentage. 

With regards to the DOE for this study presented in section 5.2, layer thickness and spot 

size remain fixed within any given build processed at different pre-heating temperatures 

whilst parts with different hatch distances can be built within each print. Hence, it is 

logical to consider the tensile parameters with respect to the combination of layer 

thickness and spot size.  
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6.6.1 25µm Layer Thickness, 63 µm Spot Size 

This combination of layer thickness and spot size yields the highest energy input into the 

process from any of the parameter set groups studied as reflected through the ED and 

power density values in Table 5.1. Due to the high energy input into the powder bed, 

excessive condensate, spatter, and ejected powder was observed which caused the filter 

saturation level to increase beyond normal processing levels. As outlined in Chapter 4 

this is not safe for processing reactive metals. Thus the number of samples per build was 

reduced by 50% to facilitate the safe building of tensile samples. Table 6.3 outlines the 

parameters used to build tensile specimens with a 25 µm layer thickness and 63 µm spot 

size with other process parameters remaining unchanged from Table 5.1. The two extreme 

hatch distance values of 40 and 100 µm were retained such that an examination of hatch 

distance could be conducted.  

Results obtained for tensile testing are presented in Table 6.3. Cracks were observed on 

the surface of the grip section in samples built with a 150 and 300 °C pre-heating 

temperature respectively.  These can be attributed to high residual stresses which form 

due to high energy input as observed in literature [186], [187]. The parameters chosen 

within this group lead to a high energy input which increases the maximum temperature 

of the melt pool. Accordingly rapid cooling rates occur and facilitate the formation of 

higher residual stresses. As a result the parts failed prematurely in the grips at the site of 

the cracks and tensile properties could not be recorded.  

Literature shows that increasing the pre-heating temperature from 100 – 470 °C reduces 

the residual stress in as-built parts by up to 90% [64]. Thus the increase in pre-heating 

temperature to 450 °C sufficiently reduced the cooling rate and subsequent residual stress 

sufficiently such that no cracks were present. Results presented in Table 6.3 demonstrate 

a large disparity between the samples built with 40 and 100 µm hatch distances 

respectively. Insight on the difference between samples is obtained through examination 

of Figure 6.6 which displays the samples built with the 450 °C pre-heating temperature. 

The 40 µm samples displayed severe powder adhesion and significant oxidation due to 

the high meltpool temperatures associated with a large energy input. Furthermore, smaller 

hatch distances increase the interaction time between the material and the laser and 

consequently lead to a higher quasi-equilibrium temperature as discussed in section 5.4.2. 
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These combined effects also facilitate increased oxygen pickup from the surrounding 

environment. As outlined in section 2.2 oxidation of Ti samples leads to substantial 

embrittlement which was evident through the breaking of one sample before removal 

from the build plate and further confirmed with the remaining samples which had a 

median failure strain of just 0.53%.  

Increasing the hatch distance from 40 – 100 µm decreases the ED from 300 – 120 J/mm3 

as outlined in Table 6.3. The 100 µm samples shown in Figure 6.6 demonstrate no 

significant powder adhesion and negligible signs of oxidation. Furthermore, samples 

produced with these process settings presented a mean density of 98.95% and an α’ 

martensite structure as presented in Chapter 5. The median fracture strain of 5.91% sits 

broadly in line with values obtained for martensitic structures in the literature whilst a 

median UTS of 1094 MPa is below normal values of circa 1200 MPa for martensitic 

structures [91].  

Table 6.3: Parameters used and tensile results for specimens processed with 25 µm layer 

thickness and 63 µm spot size 

Pre-Heating 

Temperature  

(°C) 

Hatch 

Distance 

(μm) 

Energy 

Density 

(J/mm3) 

Power 

Density 

(W/mm2)  

Median 

UTS 

(MPa) 

Median 

Fracture 

Strain (%) 

150 40 300 0.029 – – 

150 100 120 0.029 – – 

300 40 300 0.029 – – 

300 100 120 0.029 – – 

450 40 300 0.029 544 0.53 

450 100 120 0.029 1094 5.91 
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Figure 6.6: Tensile specimens printed with a 450 °C pre-heating temperature, 25 µm layer 

thickness and 63 µm spot size 

6.6.2 50 µm Layer Thickness, 63 µm Spot Size 

Two analysis of variance (ANOVA) tests were carried out to assess the difference in the 

means of tensile properties as a function of hatch distance and pre-heating temperature. 

In each case the null hypothesis is that there is no difference between the means and a 

confidence interval of 95% was set. Table 6.4 presents the results from both tests. With a 

P-value of 0.008 the relationship between hatch distance and fracture strain is the only 

statistically significant interaction observed. Hatch distance also presents a strong 

correlation to the UTS with a low P-value however, the result cannot be considered 

statistically significant at the 0.05 significance level.  
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Table 6.4: ANOVA tests carried out to assess the significance of hatch distance and pre-heating 

temperature on tensile properties 

Response Factor P-Value 

Fracture Strain 
Hatch Distance 0.008 

Pre-Heating Temperature 0.769 

UTS 
Hatch Distance 0.062 

Pre-Heating Temperature 0.269 

  

Figure 6.7 presents the tensile properties for samples built with a 50 µm layer thickness 

and 63 µm spot size as a function of pre-heating temperature and hatch distance. Figure 

6.7 (a) shows that despite no statistically significant difference, pre-heating at or above 

300 °C results in a reduction in both UTS and YS by 6%. This can be attributed to poor 

performance of the samples processed with a 40 µm hatch distance at the higher pre-

heating temperatures of 300 and 450 °C as outlined in Table 6.5. In contrast no difference 

was observed in the fracture strain of samples produced across the three pre-heating 

temperatures examined. This correlates to the insensitivity of density to pre-heating 

temperature for the same sample group as indicated in section 5.4.1.2. Rather, hatch 

distance demonstrates a greater influence on the density of the samples which is reflected 

in the tensile results from Figure 6.7 (b).  

Figure 6.7 (b) shows a positive relationship between the fracture strain and hatch distance 

where an increase in hatch distance from 40 – 100 µm led to an increase in fracture strain 

from 2% to 7.1%. The trend observed for the UTS is not as clear. Initially, an increase of 

14% is observed as hatch distance increases from 40 – 60 µm. Then a gradual decrease 

in the UTS from 1183 – 1128 MPa can be observed as hatch distance increases from 60 

– 100 µm. Examination of YS values presented in Table 6.5 reveals a similar trend. 

Section 5.4 identified increased α’ → (α+β) decomposition for reduced hatch distances 

within this sample group, thus it would be reasonable to expect a reduction in stress values 

and corresponding increase in fracture strain. However, the stress and strain values 

outlined in Figure 6.7 (b) deviate from this expected behaviour. This can be accredited to 

the increase in oxygen pickup and the reduction in part density that results from printing 
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at lower hatch distances, as both of these characteristics will have a negative impact on 

the part's mechanical properties. 

 

Figure 6.7: Interval plots of tensile properties for samples processed with 50 µm layer thickness 

and 63 µm spot size as a function of (a) pre-heating temperature and (b) hatch distance 
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Table 6.5: Tensile properties recorded for samples processed with 50 µm layer thickness and 63 

µm spot size 

Pre-Heating 

Temperature 

(°C) 

Hatch 

Distance  

(µm) 

Median 

UTS 

(MPa) 

Median 

YS 

(MPa) 

Median 

Fracture 

Strain 

(%) 

150 40 1168.2 1081.0 3.99 

60 1189.9 1121.1 4.18 

80 1182.9 1104.8 5.27 

100 1132.4 1051.8 6.13 

300 40 952.71 810.3 1.05 

60 1166.2 1097.3 4.42 

80 1153.7 1078.5 6.71 

100 1117.7 1041.6 8.13 

450 40 931.3 753.0 0.94 

60 1193.9 1131.1 4.04 

80 1148.9 1091.8 5.99 

100 1132.4 1073.58 6.93 

 

Section 5.4.1 presented an increase in the mean density from 98.7% to 99.61% as the 

hatch distance was increased from 40 – 100 µm for this sample group. Samples from 

Chapter 4 demonstrated a 47% increase in fracture strain given a similar increase in 

density. Hence, an increase in density facilitates an increase in the fracture strain of the 

as-built specimens. However, the results in Chapter 4 presented an increase in the UTS 

and YS values as the density increased. In contrast Figure 6.7 (b) presents a decrease in 

the stress values as the density of the samples increased. Furthermore, as outlined in 

Chapter 5 greater hatch distances which presented higher densities also correlated with 

less α’ martensite decomposition. In such circumstances higher stress and lower strain 

values could be expected. Hence, the combination of an increase in the stress values with 

simultaneous decrease in the fracture strain for samples that presented with an α’ → (α+β) 

transformation is indicative of increased oxidation. This is evident through analysis of the 
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samples processed with a 40 µm hatch distance in Table 6.5 which represent the samples 

with the greatest energy input into the process within this group. Figure 6.8 shows two 

samples from this hatch distance group at pre-heating temperatures of 300 and 450 °C. 

Both samples display evidence of oxidation on the surface of the specimens with the 450 

°C sample exhibiting more severe oxidation than the specimen processed at 300 °C.  

 

Figure 6.8: Tensile samples processed using a 40 µm hatch distance at pre-heating temperatures 

of 300 and 450 °C displaying signs of oxidation 

Analysing the tensile properties of samples processed at 40 µm hatch distance reveals that 

samples built with a 150 °C pre-heating temperature demonstrated a median UTS of 1168 

MPa and a median fracture strain of 3.99%. These values are typical of an α’ martensitic 

structure and indicate that the oxygen content has not impeded the mechanical 

performance [91]. Section 6.3 reported a 17% increase in the oxygen content when the 

pre-heating temperature is increased from 150 – 300 °C. Analysing the tensile properties 

of the 40 µm hatch distance samples given the same increase in pre-heating temperature 

reveals a 73.6% reduction in fracture strain and 18% reduction in UTS. Increasing the 

pre-heating temperature further only serves to reduce the values. The tensile plots 

presented in Figure 6.9 show that the increase in oxygen content as the pre-heating 
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temperature increased resulted in more brittle samples that in many cases failed within 

the elastic region.  

 

Figure 6.9: Tensile properties plotted for samples processed with 50 µm layer thickness, 63 µm 

spot size and 40 µm hatch distance at three pre-heating temperatures 

6.6.3 25 µm Layer Thickness, 170 µm Spot Size 

Table 6.6 shows the results of two ANOVA tests carried out to examine the statistical 

significance of changes in the hatch distance and pre-heating temperature with fixed layer 

thickness and spot size. The P-values indicate that neither hatch distance nor pre-heating 

temperature have a significant impact on the UTS of the samples. With regards to fracture 

strain, the hatch distance again displays no sensitivity whilst the pre-heating temperature 

has a statistically significant impact with a P-value of 0.017.  
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Table 6.6: ANOVA tests carried out to assess the significance of hatch distance and pre-heating 

temperature on tensile properties 

Response Factor P-Value 

Fracture Strain 
Hatch Distance 0.552 

Pre-Heating Temperature 0.017 

UTS 
Hatch Distance 0.096 

Pre-Heating Temperature 0.083 

 

Table 6.7 and Figure 6.10 show the tensile properties of samples built with a 25 µm layer 

thickness and 170 µm spot size as a function of hatch distance and pre-heating 

temperature. Examination reveals that increasing pre-heating temperature from 150 – 450 

°C produces a statistically significant increase in the mean fracture strain from 5.68% to 

9.58%. Correspondingly, the UTS and YS values decrease as the pre-heating temperature 

increases. However, the UTS and YS decrease by only 50 MPa and 44 MPa respectively 

given a 41% increase in the fracture strain value. Although no significance can be 

attributed to hatch distance, Figure 6.10 (b) presents a minor increase in the median 

fracture strain from 7.01% to 8.47% as the hatch distance is reduced from 100 – 40 µm. 

Similarly no statistically significant difference is observed between the stress values in 

the same range. Thus, pre-heating temperature has a greater effect on the as-built tensile 

properties within this sample group. 

This sample group is the closest set of parameters to the density optimisation that was 

undertaken in Chapter 4 given the spot size and layer thickness match the values used 

during that study. Hence, as indicated in section 5.4.1 this sample group had the highest 

density of any other set tested with a group mean of 99.7%. Meanwhile no difference was 

observed for density with samples processed at different pre-heating temperatures whilst 

no visible oxidation was present on the samples. Furthermore, the fracture strain shows 

an inverse trend to the density of the samples where the density reduced from 99.83% – 

99.15% as the hatch distance was reduced from 100 – 40 µm. Combined, these results 

indicate that the variation in tensile properties observed in Figure 6.10 can be attributed 

to differences in the microstructure of the samples rather than density.  
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With regards to the microstructures of samples from this group, Chapter 5 reported an 

increase in primary α lath thickness with an increase in pre-heating temperature. 

Similarly, β phase XRD peaks, increased lattice strain and α’ → α’ + (α+β) 

transformations were correlated to decreasing hatch distance and increased pre-heating 

temperatures. Finally, a Widmanstätten (α+β) structure was identified for a 40 µm hatch 

distance at a pre-heating temperature of 450 °C. Xu et al. [75] correlated increases in α 

lath thickness with increased ductility and decreased UTS and YS whilst the same trends 

can be expected for α → α’ + (α+β) transformations due to the increase in β retention. 

Thus the minor decline in UTS and YS and subsequent increase in fracture strain observed 

in Figure 6.10 (a) can be attributed to the increase in α lath thickness and decomposition 

from α’ → (α+β) at higher pre-heating temperatures.  

Table 6.7: Tensile properties recorded for samples processed with 25 µm layer thickness and 

170 µm spot size 

Pre-Heating 

Temperature 

(°C) 

Hatch 

Distance  

(µm) 

Median 

UTS 

(MPa) 

Median  

YS 

(MPa) 

Median 

Fracture 

Strain 

(%) 

150 

40 1180.1 1116.82 7.07 

60 1229.88 1144.61 6.72 

80 1215.24 1106.89 5.2 

100 1164.49 1060.34 3.37 

300 

40 1172.2 1110.96 9.56 

60 1194.2 1116.62 7 

80 1201.6 1118.50 6.35 

100 1191.12 1082.15 7.75 

450 

40 1126.9 1074.75 8.77 

60 1156.86 1077.65 9.75 

80 1158.8 1060.97 9.73 

100 1167.97 1059.50 9.92 
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Figure 6.10: Interval plots of tensile properties for samples processed with 25 µm layer 

thickness and 170 µm spot size as a function of (a) pre-heating temperature and (b) hatch 

distance 

6.6.4 50 µm Layer Thickness, 170 µm Spot Size 

Table 6.8 outlines the two ANOVA tests carried out to examine the effect of hatch 

distance and pre-heating temperature on the tensile properties of samples with constant 

layer thickness and spot size. The P-values indicate that within this group which utilises 
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a 50 µm layer thickness and 170 µm spot size, the hatch distance and pre-heating 

temperature do not have any statistically significant impact on the tensile properties.  

Table 6.8: ANOVA tests carried out to assess the significance of hatch distance and pre-heating 

temperature on tensile properties 

Response Factor P-Value 

Fracture Strain 
Hatch Distance 0.471 

Pre-Heating Temperature 0.136 

UTS 
Hatch Distance 0.82 

Pre-Heating Temperature 0.122 

 

Table 6.9 and Figure 6.11 present the tensile properties for the samples processed in this 

group as a function of hatch distance and pre-heating temperature. Overall low stress and 

extremely low strain values were obtained from samples produced with these settings. 

Confirming the ANOVA results, no clear trends can be observed between the tensile 

properties and pre-heating temperature in  Figure 6.11 (a). Though the reduction in stress 

values for samples processed at a pre-heating temperature of 450 °C in comparison to the 

other groups is indicative of the α → α’ + (α+β) structures observed at higher 

temperatures. In contrast, Figure 6.11 (b) shows a minor increase in fracture strain and 

reduction in stress values as the hatch distance is decreased to 40 µm. However, the 

standard deviations are large which renders the trend statistically insignificant. Further, 

the maximum fracture strain of 2.63% observed for the 40 µm sample group is extremely 

poor.  

The poor performance of this sample group can be attributed to a combination of the 

density and microstructure observed. Section 5.4.1 reports that the mean density of this 

sample group sits at 98.98%. While this value is not the lowest of the parameter sets 

exampled, the observed pores for this sample group were classified as lack of fusion 

defects due to under-melting. This is in contrast to the other groups which exhibited gas 

entrapped pores, a characteristic of over-melting. Lack of fusion defects are detrimental 

to mechanical properties due to the sharp crack-like morphology acting as crack initiation 

sites. Furthermore, the low energy input was also attributed with impeding α lath growth 

and α’ → (α+β) decomposition meaning that fine α’ martensitic structures were observed 
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throughout the sample group. In combination, the martensitic structure and lack of fusion 

defects have resulted in extremely low fracture strain values whilst all UTS values fit 

what would be expected for martensitic structures [91]. 

Table 6.9: Tensile properties recorded for samples processed with 50 µm layer thickness 

and 170 µm spot size 

Pre-Heating 

Temperature 

(°C) 

Hatch 

Distance  

(µm) 

UTS 

(MPa) 

YS 

(MPa) 

Fracture 

Strain 

(%) 

150 

40 1164.02 1107.35 2.50 

60 1144.28 1089.85 1.86 

80 1126.24 1061.32 1.76 

100 1084.16 1069.86 1.38 

300 

40 1186.44 1138.89 4.57 

60 1189.56 1123.94 2.23 

80 1132.37 1077.68 1.66 

100 1170.70 1091.18 2.21 

450 

40 860.38 661.56 0.82 

60 913.72 739.66 0.93 

80 1087.15 1052.64 1.30 

100 1162.40 1111.65 1.90 
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Figure 6.11: Interval plots of tensile properties for samples processed with 50 µm layer 

thickness and 170 µm spot size as a function of (a) pre-heating temperature and (b) hatch 

distance 
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6.7 Discussion and Conclusion 

The microhardness results presented in section 6.4 yielded very little change between 

groups with the mean value of all of the groups tested falling within a 13 HV range which 

was indicative of the primarily α’/α microstructures observed. Of the parameters 

examined, the pre-heating temperature was the most statistically significant variable 

identified. However, the positive relationship observed between pre-heating temperature 

and microhardness was unexpected. The samples produced at higher pre-heating 

temperatures displayed more significant α’ martensite decomposition which should lead 

to a reduction in hardness values. In contrast, higher oxidation was observed following 

pre-heating at higher temperatures as presented in section 6.3 and thus can be accredited 

with the increase in microhardness values.    

Sections 6.6.1 – 6.6.4 outline the tensile properties observed as a function of layer 

thickness, spot size, pre-heating temperature and hatch distance. Three primary factors 

namely, part density, microstructure and oxygen content have influenced the tensile 

performance.  

Section 6.6.1 presents the sample group with the highest energy input with ED values 

ranging from 120 – 300 J/mm3 and a power density of 0.029 W/mm2. The high energy 

input caused residual stresses at low pre-heating temperatures and significant oxidation 

at higher pre-heating temperatures. Combined these effects resulted in samples failing to 

produce a valid test or extremely low fracture strain results. Therefore, despite Chapter 5 

reporting the most optimal microstructural conditions given high energy inputs, the 

associated oxidation, residual stress and indeed low density levels have a greater influence 

on tensile properties and yield poor results.  

Section 6.6.2 presents samples with a 50 µm layer thickness and 63 µm spot size which 

result in intermediate energy input values in the form of ED values ranging from 60 – 150 

J/mm3 with a power density of 0.029 W/mm2. In a similar manner to the 25 µm layer 

thickness samples with the same spot size, decomposition from the α’ martensite structure 

was observed for high pre-heating temperatures and tight hatch distances of 40 – 60 µm. 

In such circumstances higher fracture strain and lower stress values could be expected. 

However, the samples that were identified as having decomposed microstructures 
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presented higher UTS and YS as well as lower failure strain values. Thus, despite the 

reduction in ED values from the 25 µm layer thickness group, the power density value of 

0.029 W/mm2
 has resulted in oxidation of samples at lower hatch distances. The high 

power density value is indicative of a melt pool with a high maximum temperature whilst 

tight hatch distances increase the interaction time with the material. Combined these 

parameters give significant opportunity for the meltpool to pick up oxygen from the 

surrounding atmosphere causing significant embrittlement of the samples.  

Samples processed using a 170 µm spot size with a 25 and 50 µm layer thickness are 

presented in sections 6.6.3 and 6.6.4 respectively. Increasing the spot size from 63 – 170 

µm lowers the power density by 86.2% to 0.004 W/mm2. Chapter 5 reported that this 

negatively influences α’ decomposition whereby no (α+β) structures were observed when 

using a 50 µm layer thickness. Furthermore, the ED values of the 50 µm layer thickness 

group ranged from 60 – 150 J/mm3 which in combination with the low power density 

resulted in a low overall energy input. As a result this was the only sample group to 

present with lack of fusion defects. Combined, the α’ martensitic microstructure and lack 

of fusion defects resulted in low fracture strain and high UTS and YS values.  

In contrast, at the same spot size and hence the same power density of 0.004 W/mm2, the 

25 µm layer thickness sample group resulted in increased overall energy input in the form 

of ED values ranging from 120 – 300 J/mm3.  Given its similarity to the process 

parameters developed for density optimisation in Chapter 4, this sample group facilitated 

the highest density of any samples observed. Furthermore, the increased energy input 

over the 50 µm group facilitated increased α’ decomposition as hatch distance was 

reduced and pre-heating temperature increased. This combination of high density and 

microstructure tailoring led to the highest fracture strain values observed. Samples 

produced with a 450 °C pre-heating temperature demonstrated a mean fracture strain of 

9.58% which moves in line with some heat treated samples observed in literature [188]. 

Further, hatch distance also has a notable influence where a fracture strain of 8.47% was 

observed for samples produced at 40 µm irrespective of the pre-heating temperature. 

Finally, despite the significant increase in fracture strain observed within this group, the 

UTS and YS values did not decline significantly.  
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From results presented in section 6.6 it is evident that the energy input into the process is 

crucial to the part density, microstructure and mechanical properties of as-built samples. 

Conflicting trends have been identified between power density, microstructure and part 

density in that increasing power density by reducing spot size is beneficial for α’ 

martensite decomposition but is detrimental to part density, residual stress and oxidation. 

Similarly, reducing power density by increasing the spot size results in more dense 

components (given the correct ED values) but restricts the level of α’ decomposition 

observed in samples. Section 6.6.3 presented mechanical properties which move close to 

those expected from heat treatment of SLM Ti64 due to density maximisation. Yet, the 

true extent to which the microstructure can impact the mechanical properties has not been 

uncovered due to oxidation of samples that present decomposed microstructures.   

Though the energy input is crucial, the method by which the energy is developed is just 

as important and thus ED or power density should not be used alone to characterise the 

SLM process. For example the same ED value of 300 J/mm3 has produced samples with 

a mean fracture strain of 0.53% and 8.95% when combined with a 63 and 170 µm spot 

size respectively. Similarly the same power density value of 0.004 W/mm2 produced 

fracture strains of 1.58% and 7.09% given a reduction in layer thickness from 50 – 25 

µm. Therefore, while these metrics are useful in determining and quantifying the energy 

input into the SLM process, the individual parameter levels must be considered when 

looking to optimise mechanical properties in the as-built state. 

 



 

 

 

 

Chapter 7 Conclusions and Future Work 

This research focused on examining the density and microstructure of as-built SLM 

processed Ti64 components and their effect on mechanical properties. This work is 

concluded by summarising the primary results and commenting on potential future 

research.  

7.1 Conclusions 

7.1.1 Produce fully dense samples using the Realizer SLM50 

printer  

The literature review revealed that the vast majority of density optimisation focuses on 

optimisation of laser parameters. Specifically the laser power and scanning velocity have 

been heavily studied. However, other variables such as the gas flow within the process 

chamber have also demonstrated the ability to affect the density of as-built parts. Hence, 

Chapter 4 examined the gas flow within the Realizer SLM50 through a CFD model and 

empirical examination to evaluate its affect on part density. Four gas flow scenarios were 

examined in the form of two nozzles and two flow rates. Results revealed that the gas 

flow configuration with the lowest velocity across the build plate resulted in the greatest 

meltpool width due to scattering. The scattering resulted in less energy input into the 

powder bed which reduced the possibility of over-melting and subsequently resulted in 

the highest density. Furthermore, the same configuration was the most repeatable with 

respect to the part density as a function of position on the build plate which was 

highlighted as an issue in the literature.  

Following gas flow examination, a statistical examination of the laser power, scanning 

velocity, hatch distance and layer thickness was conducted. A number of factorial and 
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OFAT style experiments composed the DOE. Increasing laser power and reducing 

scanning velocity were determined to have the greatest impact on maximising density 

whilst the hatch distance was relatively insensitive in comparison. Ultimately, a 

combination of laser parameters capable of repeatedly producing fully dense samples was 

identified. The effect of density on tensile properties was then examined through 

processing tensile bars with four different parameter sets which resulted in three different 

density values. Fracture strain, UTS and YS all demonstrated a positive relationship with 

density. Specifically, increasing the density from 97.5% to 99.4% resulted in a 66% 

increase in the fracture strain.  

7.1.2 Achieve in-situ decomposition of the brittle martensitic 

microstructure characteristic of SLM processed Ti64 

Analysis of literature revealed a number of techniques for achieving in-situ 

decomposition of SLM processed Ti64. Namely hatch distance, layer thickness, laser spot 

size and pre-heating temperature all demonstrated abilities to affect the as-built 

microstructure. However, none of these had been examined collectively but rather 

individually. Thus, a DOE  comprising two layer thicknesses, two spot sizes and four 

hatch distances at three different pre-heating temperatures was examined with regards to 

density and microstructure. The gas flow configuration, laser power and scanning 

velocity were retained from the previous section with the aim of maintaining a high 

density level.  

Pre-heating temperature demonstrated no influence on density whilst the spot size, layer 

thickness and hatch distance in descending order all impact the density of as-built parts. 

Generally, decreasing the spot size to 63 µm from the 170 µm used during density 

optimisation resulted in significant over melting due to the increase in power density 

given the same ED values. In contrast, reducing ED values whilst maintaining the larger 

170 µm spot size resulted in lack of fusion defects which are detrimental to mechanical 

properties.  

With regards to as-built microstructure, in-situ decomposition of the α’ martensitic 

structure was realised. Quantitative and qualitative examination of the as-built 

microstructure in the form of OM, SEM and XRD analysis was performed. Three 
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different structures namely, α’ martensitic, α’ + (α+β) and Widmanstätten (α+β) were 

identified throughout the parameter sets studied. Increasing the pre-heating temperature, 

reducing the hatch distance and reducing the spot size were identified as significant with 

regards to decomposing the α’ martensitic structure into an (α+β) structure. Of these, the 

pre-heating temperature was determined to have the most significant impact. No α’ 

decomposition was observed at the lowest pre-heating temperature whilst minimal α’ → 

α transformations were observed at a pre-heating temperature of 300 °C. In contrast, 50% 

of the samples produced at the highest pre-heating temperature of 450 °C demonstrated 

some level of α’ decomposition. Finally, it is worth noting that the samples that 

demonstrated significant decomposition from a martensitic structure to a Widmanstätten 

structure correlated to low density levels due to the high energy input required for the 

decomposition to occur.  

7.1.3 Examine the effect of density and microstructure on the 

mechanical properties 

Mechanical properties in the form microhardness and tensile properties have been 

evaluated with respect to density and microstructure of as-built parts. However, two more 

variables in the form of residual stresses and interstitial element content also must be 

considered.  

Analysis of the microhardness values presented reveals a small range between the lowest 

and highest values recorded which is indicative of the primarily α’/α microstructures 

which contain low β percentages identified in the previous section. However, pre-heating 

temperature and the relationship between layer thickness and hatch distance were 

determined as statistically significant factors for microhardness. Positive relationships 

were observed between microhardness and both pre-heating temperature and layer 

thickness. In contrast, the relationship with hatch distance was complex with the smallest 

hatch distance demonstrating high hardness values. These trends contradict what may 

have been expected based on literature as these samples correlated to α’ decomposition 

which should have reduced hardness values. Examination of the oxygen content revealed 

that increasing the temperature during processing increases the oxygen content in parts 

which correlated to high hardness values. Thus, the oxygen percentage was identified as 

the primary contributor to the minor variations observed.  
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The parameters developed in the previous section to produce different microstructures 

were used to build tensile bars for tensile performance examination. Samples processed 

with a 63 µm spot size possess a power density that is 86% greater than samples processed 

with a 170 µm spot size. This increased power density was beneficial to α’ decomposition 

but detrimental to density levels. Due to the high energy input, hardware restrictions 

limited the number of tensile samples that could be processed. Those that were built 

exhibited residual stresses and oxidation which led to premature failure of most samples 

before tensile values could be recorded. Only the largest hatch distance at the highest pre-

heating temperature produced samples with relatively standard tensile properties for as-

built samples. Reducing the energy input in the form of increasing the layer thickness and 

hatch distance with a fixed power density input reduced the effects of oxidation and 

removed the detrimental residual stresses. Consequently, fracture strain improved but 

stayed within normal values observed in the literature for α’ martensitic structures.  

Building samples with a 170 µm spot size reduces the power density and served to 

increase the part density overall. This can be attributed to the fact that the density 

optimisation of laser parameters took place using this spot size level. In contrast, 

processing at this spot size was detrimental to in-situ decomposition of α’ martensite with 

the vast majority of samples processed at this level exhibiting α’ martensitic structures 

irrespective of other parameters employed. However, quantitative analysis reported that 

the α lath size increased with increasing pre-heating temperature whilst a Widmanstätten 

structure was observed for a tight hatch distance when processed with a 450 °C pre-

heating temperature. This combination of high density levels and microstructural tailoring 

led to a significant increase in fracture strain which moved in line with some heat treated 

samples observed in literature. Reducing the ED through increasing the layer thickness 

led to α’ martensite retention and lack of fusion defects which resulted in extremely poor 

fracture strain values. 

7.1.4 Concluding Remarks 

The hypothesis of this research was that optimisation of density and microstructure 

simultaneously in as-built samples will remove the need for post process HIP/annealing 

treatments.  
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In this work, fully dense samples with nominal values of 100% have been produced. 

Optimisation efforts for microstructure led to the formation of a Widmanstätten (α+β) 

structure for which literature reports increased fracture strain values. However, bi-modal 

and equiaxed structures which are considered as the gold standard for microstructural 

composition in Ti64 were not achieved in the as-built state. Furthermore, parameters used 

to process fully dense samples are not conducive to achieving in-situ decomposition of α’ 

martensite and vice-versa. However, the sample group with the best mechanical 

properties showed an inverse trend to density whereby the less martensitic structures 

resulted in increased fracture strain. Specifically, the one sample in that group that 

exhibited a Widmanstätten (α+β) structure presented the highest fracture strain which was 

in line with some heat treated samples observed in the literature. This suggests that a 

certain level of porosity may be acceptable for tensile performance depending on the 

application. 

Nevertheless, based on the results presented within this work, the hypothesis must be 

rejected. As previously stated, the best samples possessed tensile properties that were akin 

to those presented in literature following some heat treatments. Yet, it is common for 

annealed and HIP processed samples to achieve fracture strain values in excess of 15% 

which was not observed in this work [117]. However, no sample set in this research 

possessed an (α+β) structure along with no porosity thus further research in this area may 

lead to as-built samples demonstrating comparable mechanical properties to those of post-

processed specimens.  

7.2 Future Work 

Based on the results obtained during this work, the following areas of future work are 

suggested  

7.2.1 Spot Size Development  

The results presented within this research identified spot size as a statistically significant 

variable with regards to both part density and microstructure. The vast majority of 

literature does not account for spot size in optimisation attempts but rather relies on 

changing the ED value to achieve fully dense samples or to alter the as-built 
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microstructure. Analysis of the power density variable shows the value of changing the 

spot size. Further research regarding combined optimisation of the spot size and power 

density variable could achieve fully dense parts in combination with (α+β) 

microstructures – a combination that was not achieved in this research.  

7.2.2 Microstructural Heritage  

As outlined, the martensitic α’ microstructure is omnipresent within as-built SLM 

processed Ti64 literature. Thus, research to date regarding post processing in the form of 

annealing and/or HIP treatments has focused on changing process variables to transform 

the α’ structure into an equilibrium or bi-modal (α+β) structure to maximise fracture strain 

which comes at the expense of stress values. This work has demonstrated the ability to 

decompose the α’ martensite during the building process which facilitated increased 

fracture strain values without significantly decreasing the stress values. Heat treatment of 

these microstructures is likely to result in different microstructural features than those 

observed following heat treatment of α’ martensite structures. This in turn has the 

capability of enabling large fracture strain and stress values simultaneously.  

7.2.3 Pre-Heating  

As outlined throughout this thesis, pre-heating the build plate is widely accepted to 

decrease residual stress formation in as-built parts. However, the effect of pre-heating to 

high temperatures as has been done in this work, has only been reported by a small 

number of authors. In each case, as was observed in this work, high temperature pre-

heating is beneficial to in-situ α’ martensite decomposition. In combination with the right 

laser parameters, increased fracture strain is possible whilst maintaining high stress 

values. However, this study represents the first to examine multiple laser parameters at 

increased pre-heating temperatures. Therefore, many more combinations of parameters 

remain to be examined at higher pre-heating temperatures.  

The drawback of increased pre-heating temperatures is that it enables significant 

oxidation of Ti64 samples. The subsequent embrittlement prevents analysis of the true 

capabilities of parts processed at high pre-heating temperatures. Thus, developing a 

system capable of high pre-heating temperatures without significant oxygen pickup – 



 Chapter 7. Conclusions and Future Work

    

 

160 

 

perhaps through processing in a vacuum – would represent a significant leap in the field 

of process optimisation of as-built SLM processed Ti64. 
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 XRD Profiles Observed for all parameter sets processed at 450 °C pre-heating temperature 
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Appendix B: Tensile Specimens 

Tensile samples used for all tensile tests throughout this work. Dimensions conform to 

ASTM E8/E8M Figure 8 sample 4 [164]. 
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