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Abstract 

 

Selective electron beam melting (SEBM) is a metal additive manufacturing (AM) 

technique that can produce high-quality metal parts with high strength and ductility. Due to the 

layer-by-layer approach and selective melting of the powder bed during the AM process, 

anisotropy and heterogeneity in the as-fabricated microstructure are challenges in the 

production of metal AM parts. An understanding of the formation mechanism that results in 

such microstructures in SEBM built Ti-6Al-4V is not yet fully understood. 

This study thus aims to further the understanding of the anisotropy and heterogeneity 

within the as-fabricated microstructure of Ti-6Al-4V alloy for microstructural control and the 

development of new materials. The control of the microstructure and the development of new 

materials are important to enable more applications for SEBM-built parts. 

Firstly, the phases within the as-built SEBM Ti-6Al-4V were studied and identified via 

phase characterisation techniques (e.g. TEM EDX, XRD and APT). Secondly, the influence of 

build geometry (e.g. thickness, height, and shape) on the microstructure and the mechanical 

properties were studied quantitatively via microstructural characterisation techniques (e.g. OM, 

SEM and TEM) and mechanical testing (e.g. Tensile test and Vickers microhardness). Lastly, 

the columnar grains within the as-built SEBM Ti-6Al-4V were studied as well. Numerical 

simulations to support the experimental observations and findings were also done via 

collaborations with other researchers. 

The results showed that anisotropy and heterogeneity in the microstructure and 

mechanical properties indeed existed within the SEBM Ti-6Al-4V part. The phase 

transformation process that occurs during the fabrication process of SEBM-built Ti-6Al-4V 

was also shown. Differences in the build geometry thus terminated the phase transformation 
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process at various stages led to heterogeneity in its final mechanical properties. The columnar 

grain growth study showed that there existed strong texture intensity in the part with large cross 

sectional area that suggested competition between the columnar grains. Additionally, 

phenomenon of sub-columnar grain formation was also observed. 

The study contributes to the scientific knowledge with regards to the phase and 

microstructural evolution that happens during the SEBM fabrication process. It can also be a 

useful reference guide on both microstructural control and development of new materials for 

SEBM process. 
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Chapter 1: Introduction 

 

This chapter provides the research background and motivation, objectives and scope of 

the thesis. The thesis organization in the form of a brief outline of the contents is also presented 

at the end of the chapter. 

 

1.1 Research Background 

 

Metal additive manufacturing (AM), popularly known as metal three-dimensional (3D) 

printing, is a process of joining metallic materials (in powder, wire, sheet forms, etc.)  to make 

objects from 3D models usually layer upon layer [1, 2]. Metal AM has the potential of 

revolutionizing how metallic items are designed and constructed in the digital industrial era   

[3-5]. Sales of metal AM systems have been increasing dramatically over the past few years 

[6]. Moreover, the AM technologies have become increasingly mature for industrial adoption 

[7]. Correspondingly, there is a clear boom in research interest in the area of metal AM, 

particularly in the last five years [8].  

Most of the studies have stated the benefits of metal AM technology, while there are 

still some limitations such as anisotropy and heterogeneity in the microstructure and 

mechanical properties [9]. Anisotropy depicts a variety of orientation-dependent features in a 

material, while heterogeneity is defined as uniformity in its features. Recent studies have found 

that metal AM parts exhibited anisotropy and heterogeneity in microstructure and mechanical 

properties [10-14]. In practice, superior and consistent mechanical properties of metal AM 

parts are prerequisites for engineering applications [15, 16]. There have been extensive studies 

on the microstructure, mechanical properties, and processability of various metals and alloys 

in a variety of metal AM systems [9, 17]. In particular, the formation of anisotropic and 
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heterogeneous microstructure and its influence on mechanical properties are becoming hot 

research topics in metal AM field [15, 18, 19]. 

Metal AM parts usually undergo complex cyclic thermal history consisting of 

directional heat extraction, repeated melting and rapid solidification [20, 21], which would 

create anisotropic and heterogeneous microstructures that intrinsically differed from the 

metallic parts manufactured via conventional methods [12, 22]. As a result, anisotropic and 

heterogeneous properties may occur in metal AM parts. Also, AM defects such as pores, rough 

surfaces and lack of fusion layers, would also induce the anisotropic and heterogeneous 

properties of metal AM parts [18, 23]. Selective Electron beam melting (SEBM), a powder bed 

fusion metal AM technique that is discussed extensively in this thesis is no exception, 

especially since it operates at an elevated build temperature that is favorable for the formation 

of anisotropic and heterogeneous microstructures. 

SEBM employs a focused electron beam to selectively melt a conductive metal powder 

bed directed by a computer aided design (CAD) model under a high vacuum. SEBM is capable 

of producing functional parts with excellent mechanical properties rapidly and energy-

efficiently [1]. SEBM is a preferred AM technique for fabricating Ti-6Al-4V parts because of 

titanium’s high affinity for oxygen. Ti-6Al-4V is the most common titanium alloy and one of 

the most important engineering materials.  Due to its high strength-to-weight ratio, outstanding 

corrosion resistance and good biocompatibility, Ti-6Al-4V has great potential application in 

aerospace, marine & offshore, medical devices, etc [24]. Thus, Ti-6Al-4V is one of the most 

investigated AM material using the EBM technology [8, 25]. The other commonly investigated 

AM material are steel alloys [8]. 

It is known that columnar prior β grains would form in SEBM-built Ti-6Al-4V, which 

is attributed to the high thermal gradient and elevated built temperature of the SEBM process 

[26, 27]. Safdar et al. found that a transformed α/β microstructure consisting of Widmanstätten 
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α platelets and rod-like β phase was formed within the columnar prior β grains [27]. Much finer 

grains were found in SEBM-built Ti-6Al-4V compared to casting Ti-6Al-4V, owing to its very 

rapid cooling [28]. In general, the tensile properties of SEBM-built Ti-6Al-4V parts are 

comparable with that of wrought form and better than that of cast form [29].  

However, there are still several controversies associated with anisotropic and 

heterogeneous microstructures of SEBM-built Ti-6Al-4V parts. Firstly, the knowledge and 

prediction of the exact amount of the different phases in the final SEBM-built part still 

encounter many open questions, including whether martensite will form or not during the 

SEBM process [30]. For example, recent investigations have clearly shown the formation of 

martensite in selective laser melting (SLM)-built Ti-6Al-4V samples [31] due to the higher 

cooling rates experienced in the SLM process compared to SEBM. Because the amount of 

martensite has a direct impact on the mechanical properties, including strength and fatigue 

resistance [32], the study on phase and microstructural evolution involved in the SEBM process 

is imperative.  

Secondly, despite the rapid development of metal AM Ti-6Al-4V [33], the 

understanding of how the SEBM process affects the microstructure and mechanical properties 

of as-built Ti-6Al-4V components with complex geometries (e.g. build thickness, build height 

and build shape) is still at its early stage. Studies have reported that the columnar growth of 

grains along the build direction is a reason for the anisotropic mechanical properties regarding 

ductility [9]. But, few studies have investigated the microstructure selection mechanisms that 

governs the growth of such columnar grains during the SEBM of Ti-6Al-4V. An in-depth 

understanding of the anisotropic and heterogeneous microstructures of as-built Ti-6Al-4V 

would contribute to the knowledge regarding microstructural control in SEBM-built Ti-6Al-

4V. 

 



4 

 

1.2 Research Motivation 

 

A significant advantage of using the AM processes instead of conventional 

manufacturing processes is in their ability to fabricate geometries (e.g. hierarchical, multi-

scale, lattice) that are not possible via conventional means. As such a comprehensive 

understanding of the metallurgical aspects of the SEBM process is important to aid in the 

design process of AM parts by understanding the material properties of an object based on its 

manufacturing process, geometry and orientation. The control of the material properties via its 

microstructure might also be possible. Additionally, anisotropy and heterogeneity in the 

microstructure of metal AM alloys is likely to be present in all AM processes due to the layer-

by-layer process and the selective melting/deposition inherent in metal AM. As discussed in 

section 1.1, there is a lack of knowledge regarding the effect of the anisotropic and 

heterogeneous microstructure on the mechanical properties of SEBM-built material. 

The decision to study Ti-6Al-4V titanium alloy is due to its usefulness in a variety of 

high-valued applications (e.g. medical implants, aerospace and marine components). 

Manufacturing titanium alloy via conventional manufacturing process (e.g. machining) is also 

difficult due to its high strength and chemical reactivity that significantly reduces the tool life 

in machining processes.  
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1.3 Research Objectives 

 
 The objectives of this study are to develop an in-depth understanding on the 

microstructure and mechanical properties of as-SEBM-built Ti-6Al-4Vparts and identify the 

issues of anisotropy and heterogeneity with the process. The study will be focused on the phase 

and microstructural evolution of Ti-6Al-4V that occurs during the SEBM process. This study 

would eventually contribute towards the understanding of microstructural control in SEBM 

fabricated metallic materials. 

The study had the following objectives, 

1. The identification of the phase constitution in the microstructure of the as-built SEBM 

Ti-6Al-4V alloy via phase characterisation techniques. 

2. The study of the effects of build geometry (thickness, shape and height) on the 

microstructures and mechanical properties of the as-built SEBM Ti-6Al-4V alloy.  

3. The study of the grain selection and competition mechanism that governs the columnar 

grain growth in the as-built SEBM Ti-6Al-4V alloy 
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1.4 Thesis Outline 

 

• Chapter 1 introduces the background, motivation and objectives of this study. 

• Chapter 2 reviews the literature on the metallurgy of titanium and titanium alloys as 

well as the fundamentals of solidification and phase transformation, major metal AM 

technologies and the reported anisotropic and heterogeneous microstructure, and 

mechanical properties in metal AM materials. It concluded with the scope of the 

research and a research road map to achieve the stated research objective.  

• Chapter 3 describes the experimental procedures and equipment used in this study.  

• Chapter 4 presents the results of the experiments regarding the phase identification and 

revealing the martensitic phase transformation during the SEBM processing of Ti-6Al-

4V. 

• Chapter 5 presents the results and discusses the influence of build geometry (e.g. build 

thickness, build height and build shape) on the anisotropic and heterogeneous 

microstructure and mechanical properties of SEBM-built Ti-6Al-4V. 

• Chapter 6 presents the results of the columnar grain growth during the SEBM of Ti-

6Al-4V and discusses on the grain selection mechanisms that govern its growth. The 

various phenomena such as layer banding and sub-columnar grain appearance is also 

discussed.  

• Chapters 7 & 8 outline the conclusions based on the study and suggestions for future 

work. 

  



7 

 

Chapter 2: Literature Review 
 

2.1 Introduction 

 

Based on the research motivation and objectives, a literature review was undertaken to 

better understand more about Additive manufacturing in general and to build a good 

understanding of the current state of the art in additive manufactured titanium alloy. This 

chapter presents a review of published literature pertaining to this thesis. The first two sections 

contain the literature regarding the general metallurgy of titanium and its alloys as well as the 

fundamentals of solidification and phase transformation in metals. The Ti-6Al-4V titanium 

alloy is the focus of this study, and a comprehensive understanding of its metallurgy and the 

fundamentals of solidification and phase transformation would aid in the understanding of the 

study. The third section of this chapter presents the literature review on major metal AM 

processes. The SEBM technology employed in this study is described in greater detail. 

Applications regarding the use of AM titanium in the marine and offshore industry and the 

associated challenges are also discussed. The fourth section presents the literature review on 

the anisotropic and heterogeneous material properties for metal AM parts. Lastly, detailed 

research scope and roadmap to achieve the proposed research objectives are presented. 
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2.2 Metallurgy of titanium and titanium alloys 

  

2.2.1 History of titanium 

 

In 1791, William Gregor was the first to identify titanium as an unknown metallic 

substance in Ilmenite [34, 35]. Then Klaproth identified Rutile as an oxide of an unknown 

element which he named as titanium in 1795 and later identified ilmenite to be identical to 

titanium [34, 35]. In 1920, Matthew A. Hunter first produced pure titanium via a method that 

became known as the Hunter process [36]. However, the Hunter process was not effective for 

larger scale production of pure titanium [37]. During 1937 - 1970, W.J. Kroll developed a 

reduction process of titanium tetrachloride with magnesium in an inert environment to obtained 

pure titanium in a sponge-like form [38, 39]. In 1996 - 1997, George Z. Chen, Derek J. Fray 

and Tom W. Farthing developed a simpler process to obtain pure titanium and named it the 

FFC Cambridge process, named after their family names [40]. 

Titanium is a reactive metallic element with a high affinity for oxygen, nitrogen, and 

hydrogen. Therefore the melting of titanium is often done under an inert gas or vacuum 

environment [26, 41]. Despite the cost associated with maintaining such an environment when 

processing titanium with conventional manufacturing methods, its alloys are still of importance 

in industrial applications due to its high specific strength at elevated temperatures as shown in 

Figure 2.1.  
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Figure 2.1  Comparison of specific 0.2% proof stress against temperature for light 

structural alloys [42, 43]. 

 

Figure 2.2 shows the United States of America’s titanium industry shipments from 1950 

to 2012 for the aerospace industry. It can be observed that the use of titanium in the aerospace 

industry has increased consistently over the years. 

 

.  

Figure 2.2  U.S. titanium industry shipments from 1950 to 2012 [44]. 
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Recent development in the SEBM system has shown the suitability of the technology 

to process titanium material into various complex geometry such as an impeller [45]. It is hoped 

that new manufacturing methods such as the SEBM can lower the manufacturing cost of 

titanium alloys. Additively Manufactured titanium alloys have already been used in structural 

components in the aerospace and biomedical applications. There has also been interest to adopt 

AM titanium alloy in the marine industry due to it excellent corrosion resistance as mentioned 

by Mountford [46]. The lower manufacturing cost and the greater freedom in design of titanium 

parts brought about by metal AM would likely lead to the continual importance of titanium as 

a structural material in the future. 

2.2.2 Titanium’s crystal structure 

 

The crystal structure is defined as the orderly manner in which atoms, ions or molecules 

are spatially arranged in a crystalline material. The crystal structure is important in determining 

the physical properties of a material such as cleavage/slip system.  The crystal structure of 

titanium at ambient temperature and pressure is hexagonal close packed (HCP) with the lattice 

parameters a=0.295 nm, c=0.468 nm [44].  Additionally, the mechanical response of HCP 

metals is strongly dependent on the combination of deformation modes such as slip and 

twinning. Slip is possible on the pyramidal, prismatic and basal planes in the HCP crystal 

structure as shown in Figure 2.3 (a). At about 860 - 890oC (the β transus temperature), the 

titanium undergoes an allotropic transform into a body-centered-cubic (BCC) crystal structure 

(with lattice parameters a = 0.332 nm) and is often referred to as β phase [44, 47]. The BCC 

crystal structure remains until the melting temperature of titanium at around 1670oC [48]. In 

BCC crystals, slip predominantly occurs in the {110} planes as shown in Figure 2.3 (b). 
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Figure 2.3  Schematics of the slip systems in HCP and BCC crystals; (a) Slip 

systems in HCP metals and alloys [49] (b) Slip systems in BCC metals and alloys 

[43]. 

 

The planes in the HCP structure shown in Figure 2.3 (a) are described by the Miller-

Bravais four index notation (hkil), and the planes in the BCC structure shown in Figure 2.3 (b) 

are described by the Miller-Bravais three index notation (hkl). The four index Miller-Bravais 

notation can be expressed as a three index Miller-Bravais notation since i = - (h + k).  

Due to the anisotropic nature of the HCP crystal structure, the elastic and hardness 

properties of titanium alloys are strongly dependent on the loading or deformation direction. 

Figure 2.4 shows a change in the unloading Young’s modulus and the hardness of α-phase 

titanium alloy via nanoindentation with varying deformation direction [50]. The unloading 

Young’s modulus and the hardness of α-phase titanium alloy are highest when the indentation 

is on the basal plane, and it is lowest when the indentation is on the prismatic plane. 

Additionally, it has been recognized that crystallographic texture has an influence on the 

microstructure evolution during the processing of metals such as the alpha/beta titanium alloy 

[51, 52]. As such the understanding of titanium’s crystal structure would be important in 

comprehending the various material phenomenon that will be observed in the later experiments. 

beta titanium (BCC) 

(a) (b) 
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Figure 2.4  Variations in the unloading modulus and hardness with declination angle 

in HCP crystals; (Filled circles, unloading modules; filled triangles, unloading 

hardness) [50]. 

 

2.2.3 The effect of crystal lattice dimensions on the deformation of hcp metals 
 

The effect of the crystal lattice dimensions on the deformation mode of HCP materials and 

titanium alloys is complex. Two important deformation modes in HCP metal materials are the 

slip and twinning[53]. Firstly the slip deformation mode will be discussed and then the 

twinning deformation mode. Slip deformation involves sliding of blocks of crystal over one 

other along specific crystallographic planes, called slip planes. The number of slip planes in 

hexagonal close packed (HCP) metals is less as compared to other crystal structures (e.g. BCC 

and FCC). Slip is possible on the pyramidal, prismatic and basal planes in the close-packed 

directions. A slip system is a combination of a slip direction and a slip plane.  Four slip systems 

in the α phase are  

1. <112̅0> (0001), <a> on the basal plane 

2. <112̅0> {1010}, <a> on prismatic plane 

3. <1120> {1011}, <a> on pyramidal plane 

4. <1123> {1011}, <c+a> on pyramidal plane 
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Prior study have reported that the principal deformation mechanism in pure titanium is on 

the prismatic plane {001̅0} along the slip direction of <1120> [54]. The activation of other slip 

planes may dependent on other factors such as the c/a ratio or stacking fault energy. The crystal 

structure of titanium at ambient temperature and pressure is close-packed hexagonal (α) with a 

c/a ratio of 1.587. Early studies report that chance for slip on the <a> basal slip system is 

decreased as the c/a ratio decreases [49]. 

Twinning deformation is said to occur when two separate crystals share some of the same 

crystal lattice points in a symmetrical manner. The plane of symmetry is called twinning plane. 

In the case of Ti-6Al-4V however, it is reported that slip is promoted and twinning is inhibited 

[55]. The presence of oxygen and/or Al is reported to suppress twinning by a study [54]. While 

a recent study reports that raising the aluminium content in titanium does slightly enhance 

twinning instead [53].  As such the effects of alloying elements on the deformation mode in 

titanium is still being investigated. 

A recent study indicates that with the addition of oxygen interstitials, the pyramidal 

“<c+a>” slip is promoted to allow the grains in poly crystalline sample to undergo an arbitrary 

shape change [54, 56]. The pyramidal slip is known to have a critical resolved shear stress 

(CRSS) about 3–4 times that of prismatic “<a>” slip in typical titanium alloys [54]. The same 

study reports that alloying elements may reduce or improve the energies of individual stacking 

faults in α-Ti [56]. Thereby promoting slip on a particular slip plane.  

In conclusion, the literature suggest that while the crystal lattice dimension, c/a ratio 

have an influence on the slip behaviour in HCP metal [49]. There have been a new study that 

indicate the energy in the various planes stacking faults has a role in determining the slip 

behaviour in HCP metals as well [56]. 
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2.2.4 Alloying elements in titanium alloy 

 

Alloying elements found in titanium alloys can be categorized based on their ability to 

increase or decrease the β transus temperature. Table 2.1 show some of such alloying elements 

that are commonly alloyed with titanium. Alloys which increase the β transus temperature are 

called β stabilizers and alloys which decrease the β transus temperature are referred to as α 

stabilizers. β stabilizers can be further sub-divided into isomorphous stabilizer and eutectoid 

stabilizer. The effect of α and β stabilizers has a significant effect on the titanium alloy as can 

be seen in Figure 2.5 (a, b, c). Another category of alloying elements has no influence on the β 

transus temperature and are found in both α and β phase (e.g. Zr and Sn) as shown in Figure 

2.5 (d). Additionally, the addition of chromium as an alloying element can help improve the 

burn–resistance of titanium alloys in high temperature applications [47]. Lastly, titanium alloys 

being a two-phase alloy can also exist as a mixture of α + β phase with different microstructure 

morphology (e.g. lamellar and equiaxed). 

 

Table 2.1  Major alloying elements effect on titanium [42, 57]. 

 

Effect Alloying Elements 

α-stabilizer Al, Ga; interstitials: N, O, C 

β-isomorphous Mo, V, W Ta 

β-eutectoid stabilizer Cu, Mn, Cr, Fe, Ni, Co, Si; interstitial: H 

Strengthening elements Sn, Zr and Si (extensive solid solubility in α 

and β) 
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Figure 2.5  Phase diagrams corresponding to the different effect of alloying element 

on titanium; (a) α stabilizer (b) β isomorphous (c) β eutectoid (d) neutral [48]. 

 

2.2.4.1 α + β titanium alloys 

 

Another category of titanium alloy is the α + β titanium alloy which has properties in 

between the α and β-titanium alloy as mentioned previously. These alloys thus have improved 

strength and formability as compared to fully α alloys. Such alloys contain α stabilizers with 

4-6% of β stabilizers allowing the retention of the β phase at room temperature. The percentage 

of each phase retained is dependent upon the amount of the respective stabilizers alloyed with 

titanium. The most commonly studied α+β titanium alloy is the Ti-6Al-4V, which is the subject 

of this study. The pseudo-3D phase diagram of α + β titanium alloys is shown in Figure 2.6. 

The α-β transformation temperature of pure titanium is approximately 8820C as well [58]. 
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Figure 2.6  Schematic of the phase diagram in α/β titanium alloys [43]. 

 

Ti-6Al-4V alloy is the most widely used α + β titanium alloys due to its good 

mechanical properties (e.g. specific strength) and corrosion resistance. Table 2.2 shows some 

of the physical and mechanical properties of Ti-6Al-4V. The microstructure of Ti-6Al-4V can 

be modified via the appropriate application of heat treatment. Ti-6Al-4V contains a volume 

fraction of approximately 15% β-phase at a temperature of 800oC [48]. At ambient temperature, 

the alloy is predominantly in the α-phase and when it is heated to above the β-transus 

temperature the alloy is predominantly β-phase. Unfortunately, Ti-6Al-4V can only be used in 

applications where the operational temperature is below 300 oC due to its low creep 

performance [48]. The extra low interstitials (ELI) variety of Ti-6Al-4V yields better ductility 

properties with a slight reduction in its tensile properties. This is due to the lower oxygen 

content within the Ti-6Al-4V ELI alloy. 

 

  



17 

 

Table 2.2  Some physical and mechanical properties of Ti-6Al-4V alloy  [59]. 

Property Value 

Density, g/cm3  4.43 

Melting temperature, °C 1604-1660 

Specific heat, J/kg · K 526.3 

Thermal conductivity, W/m · K 6.7 

Tensile strength, MPa  950 

Tensile yield strength (0.2%), MPa 880 

Elongation in tension, % 14 

Charpy impact strength, J 17 

Fatigue strength, MPa (Unnotched 10,000,000 Cycles) 510 

Hardness (Rockwell C) 36 

 

2.3 Fundamentals of solidification and phase transformation in metals and alloys 

 

2.3.1 Solidification theory  

 

Metal AM is a rapid melting and solidification process within a moving melt pool. The 

high cooling rate encountered in metal AM process leads to fine solidification microstructures 

that are not commonly producible via conventional processes such as forging or casting. But, 

the rapid melting and solidification can also lead to phenomena such as suppressed phase 

transformations, segregation, hot cracking and thermal residual stresses that are not desirable. 

Additionally, the unidirectional heat flow to the building substrate and thermal cycling that 

occurs due to the layer by layer process also add complexity to the understanding of the metal 

AM process. As such the fundamental understanding of the solidification theory and the phase 

transformation in conventionally produced titanium alloy must be understood to aid the 

investigation in this study. The solidification process controls the as-built microstructures 

which subsequently affect the macro-mechanical properties of the solidified material. An 

important aspect of the solidification process is the nucleation of new grains, grain growth, and 

the solid-state phase transformation phenomena.  

Phase transition (liquid-solid) is present in everyday processes and can be observed via 

simple examples. However how phase transition happens in the molecular scale is less obvious. 
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The classical theory that describes this phenomenon is the classical nucleation theory. There 

are two modes of nucleation: (1) homogeneous nucleation and (2) heterogeneous nucleation. 

If a molten melt pool is cooled below its melting point (Tm), there is a driving force for 

solidification to take place due to the difference in molar free energy. It is expected that within 

a few Kelvins of the melting temperature the molten melt pool will immediately solidify into 

a solid phase. However, according to literature, it is theoretically possible to have undercooling 

of greater than 200 K for homogeneous nucleation though this is not observed [60-62]. Since 

the presence of impurities in the molten melt pool is hard to prevent, a more common mode of 

nucleation is heterogeneous. Thus, the barrier for solidification is reduced by the surface 

energies introduced by the impurities leading to a smaller undercooling. It is observed that 

homogenous nucleation does not take place under molten melt pool conditions [60, 61]. Typical 

undercooling of 1-2 K is reported in the nucleation of welding melt pools [63]. Figure 2.7 

shows a illustration of possible solidification mechanisms within a local melt pool. It can be 

observed that nucleation of new grains could occur either on the surface of the melt pool or 

within the melt pool itself [64]. 

 

 

Figure 2.7  Schematic illustration of possible solidification mechanisms within a 

local melt pool [64]. 
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2.3.2 Grain growth behavior 

 

After heterogeneous nucleation, the solidification growth forms by the addition of 

atoms from the molten melt pool to the crystal grain at the solid-liquid interface. The 

basic solidification growth modes are planar, cellular, dendritic and equiaxed dendritic as 

shown in Figure 2.8.  These different solidification growths are due to the different super 

cooling/undercooling that the melt pool experience as presented in Figure 2.8. 

             

Figure 2.8  Micrographs & degrees of supercooling and growth modes; (a and a') 

planar solidification; (b and b') cellular solidification; (c and c') dendritic 

solidification and (d and d') equiaxed dendritic solidification respectively [65]. 

 

Planar solidification grows in the direction of the thermal gradient and is observed 

to have a lack of substructure. Cellular solidification morphology is observed as a 

breakdown of planar growth into individual cells that are uniformly spaced apart. With 

greater super cooling, columnar dendritic growth occurs and is characterized similarly to 

cellular growth with the introduction of substructures like arms. The columnar dendritic 

grows along specific crystal direction known as easy growth directions in which the 

diffusion of atoms from the liquid front to the solid is the fastest. Lastly, equiaxed 

dendritic growth occurs under the greatest supercooling condition allowing spontaneous 

nucleation to occur in the melt pool as shown in Figure 2.8 (d). Both columnar dendritic 

(a') 

(b') 

(c') 

(d') 
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and equiaxed dendritic are commonly seen in the microstructure of AM Ti-6Al-4V 

titanium alloy. 

2.3.3 Melt pool solidification behavior 

 

Some variables have been found to influence the melt pool solidification behavior in 

welding and AM processes. They are crystallography, thermal gradient, and cooling rate (C)      

[60, 61, 66-69]. These will be discussed in the following sub-sections: 

2.3.3.1 Crystallography 

 

Crystallography of a material affects the solidification rate, through specific easy 

growth direction where crystal growth along a specific direction is faster as compared to other 

directions. For BCC crystal structure the easy growth direction is <100> and for HCP the easy 

growth direction is <1010> [70]. The growth direction also follows the maximum temperature 

gradient. Thus when the grain’s crystal orientation is favorably orientated in the direction of 

the thermal gradient, it could competitively outgrow other less favorably orientated crystal 

grain orientation based on the classical competitive grain growth theory [71].  

2.3.3.2 Thermal gradient and cooling rate 

Another variable that affects the microstructure of the solidified melt pool is the cooling 

rate (C) which is the product of the solidification rate (R) and the thermal gradient (G). Figure 

2.9 shows how cooling rate affects the scale of microstructure on the solidification map, where 

a higher cooling rate results in smaller microstructural features. The highest cooling rate is at 

the top right quadrant, while the lowest cooling rate is at the bottom left quadrant in Figure 2.9. 

This is because cooling rate is the result of the multiplication of the solidification rate, R and 

the thermal gradient, G. 
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Figure 2.9  Solidification map of melt pool microstructure as a function of 

solidification rate and temperature gradient [61, 62]. 

 

A study has also mentioned that grain nucleation is also affected by such variables in 

Equation 2.1 [72]: 
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                                      Eqn 2.1                                                         

where G is the thermal gradient, a & n are material constant, R is the solidification rate, N0 is 

the nuclei density, Ø is the volume fraction of equiaxed grain. When Ø >0.49 fully equiaxed 

growth occurs and when Ø <0.0066 then fully columnar occurs [72]. For SEBM AM process 

the typical cooling rate ranges from 103 to 106 K/s depending on the parameters used [61]. 

Accurate measurements of the cooling rates involved in the AM process is still not certain due 

to the difficulties in obtaining such measurements during the process. Additionally, the shape 

of the moving melt pool also changes with travel speed, from an ellipse to a tear drop shape 

affecting the solidification rate/growth rate.  
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2.3.4 Solid state phase transformation and microstructure in α+β titanium 

 

The solid-state transformation occurs when titanium is cooled from a high temperature 

to below the β-transus temperature. The β to α solid state phase transformation phase that 

occurs significantly influences the final microstructure of α+β titanium. Depending on the 

cooling rates the process can either be a diffusion controlled transformation or a martensitic 

diffusionless transformation [63]. Figure 2.10 shows the α+β microstructure after undergoing 

various heat treatment annealing process [73]. The study reported that when the Ti–6Al–4V 

samples were heat treated in the β-phase region, the resultant microstructure had a plate-like α 

and inter-granular β as shown in Figure 2.10 (a-c). Slow cooling will produce grain 

boundary/colony alpha and the lamellar features shown. The light regions are alpha and the 

dark regions are beta in this lamellar microstructure. In contrast, Ti-6Al-4V samples that were 

heat treated in the α+β duplex phase region had an equiaxed α phase in a transformed β matrix 

instead as shown in Figure 2.10 (d-f).  

 

 

Figure 2.10  Micrographs of a range of α/β titanium alloy microstructure after 

transformation of the β phase by different heat treatments [73]. 
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Figure 2.11 shows in greater detail the schematics of the formation of α phase from the 

prior β grain. Burgers studied the crystallographic orientation relationship that occurs during 

the phase transformation from β to α phase and is thus referred to as the Burgers orientation 

relation [74] as seen in Figure 2.12. The Burger relationship can be expressed as: 

 

{110} βbcc | | {0002} αhcp 

<111> βbcc | | <112̅0> αhcp 

 

It has been shown that the Burgers orientation relationship provides the lowest total interface 

energy between the β and α phase due to a minimum crystal lattice spacing misfit [74]. 
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Figure 2.11   Phase diagram for the Ti-6Al-4V alloy with accompanying schematics 

of the formation of α phase from the prior β grains [75] following the Burgers 

orientation relationship between α and β phase [39]. 

 

 

Figure 2.12  Schematic of the Burgers orientation relationship between α and β 

phase [39]. 
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2.4 Metal additive manufacturing (AM) 

 

AM is a layer-by-layer fabrication process capable of producing near-net-shape parts. 

This process was first invented in 1988 by Chuck Hulls. AM has been referred to as rapid 

prototyping (RP), rapid manufacturing (RM), freeform fabrication (FFF) layer additive 

manufacture (LAM) through the years [76]. Recently, metallic AM has gained considerable 

interest due to its capability of producing functionally superior parts. AM of complex industrial 

parts, e.g. fuel nozzles, turbine blades, turbocharger wheels, pump impellers, etc., has been 

carried out around the world recently [77, 78]. Due to the inherent advantages compared to 

conventional forming technologies, such as investment casting, AM is being explored for the 

manufacturing of such complex parts. The powder bed fusion SEBM technology will be the 

subject of this work. 

 

2.4.1 Metal AM systems 

 

2.4.2 Classification of AM technologies 

 

The American Society for Testing and Materials (ASTM) group “ASTM F42” 

classified AM technologies into seven process categories in total [79]. The categories 

pertaining to metal AM are the following directed energy deposition (DED), powder-bed fusion 

(PBF), and sheet lamination (SL). Despite not being listed in one of the seven process 

categories, cold spray welding is also a type of metal AM technology. Figure 2.13 shows the 

representative metal AM methods under each category. 
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Figure 2.13  Summary of Metal AM systems for metallic tools and components. 

 

Powder-bed fusion (PBF) 

 

PBF processes typically involve selective sintering or melting of powder materials 

using either a laser or an electron beam based on a powder-bed [80]. The laser beam imparts 

energy to the metallic powder via the absorption of radiation, while the electron beam works 

via the kinetic collisions between electrons and powder [81]. At the beginning of the process, 

a fresh layer of metallic powder was spread evenly using a rake or roller mechanism. The high-

energy laser/electron beam then selectively melted the deposited layer of powder. After a layer 

was selectively melted, the build table was lowered and the cycle repeated till the part was fully 

fabricated.  
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A generic schematic of a PBF system is shown in Figure 2.14. There are some laser-

based AM techniques such as Laser Cusing, Direct Metal Laser Sintering, Selective Laser 

Sintering and Selective Laser Melting, though they are all essentially share a similar working 

principle [8]. The term “SLM” will be used to refer to all laser-based AM techniques under the 

PBF process for clarity in the following section. Unlike the SLM technologies, Arcam AB 

(Mölndal, Sweden) is currently the only commercial manufacturer of electron beam-based PBF 

systems, i.e. SEBM. 

 

Figure 2.14  Generic illustration of a PBF AM system [82]. 
 

Electron beam heating have been used to sinter metallic powders materials since 1959 

by Candidus, Hablanian, and Steinherz [83]. SEBM is a recent AM technique using an electron 

beam to selectively melt a metallic powder bed directed by a computer aided design (CAD) 

model developed by Arcam AB in 2002. A schematic of an SEBM machine is shown in Figure 

2.15. The electron beam is generated within the electron beam gun via a tungsten filament 

located in the upper column. The tungsten filament is heated to 2200-2700K with a high voltage 

~60kV being applied between the filament and the anode. The electron beam is controlled and 

focus by three magnetic coils, which are housed in the lower column. The first one is the 

astigmatism lens is used to correct astigmatism and to generate a circular electron beam.  
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The second one is the focus lens which focuses the electron beam into the desired diameter 

(~0.15 µm) spot. Lastly, the third one is the deflection lens which deflects the electron beam 

across the powder bed during the printing process.  

                               

Figure 2.15  Schematic of Arcam A2XX SEBM machine [84]. 

 

The focused impingement of electrons onto a solid material will result in some 

reflection due to elastic and inelastic collision though a majority of the electrons will penetrate 

the solid [76]. The transformation of kinetic energy from the electron to the solid material 

generates heat and the production of x-rays, resulting in sufficient energy for the processing of 

this method. Equation 2.2 shows the penetration range of the electron (𝑅𝑝) is dependent on the 

electron acceleration voltage (V) and the density of the target material (ρ) [85]. 
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                              𝑅𝑝 =
2.2 𝑥 10−11.𝑉2

𝜌
                              Eqn 2.2 

 

The electrons that penetrate the solid material then dispense into various paths as seen 

in Figure 2.16. The use of electrons can also lead to powder charging due to the accumulation 

of electrons and cause the “smoke” phenomenon. The EBM system works in a helium (positive 

ion) + vacuum environment with a two stage process to avoid the charging of electrons and use 

to regulate the pressure in the build chamber [63]. The typical pressure of the helium filled gas 

environment is 10-1 Pa in the build chamber and 10-3 Pa in the column chamber. Firstly, the 

electron beam is defocused to scan the area rapidly to preheat the powder bed so as to sinter 

the powder particle lightly together [63]. Next, the power density of the electron beam is 

increased significantly, and rapid melting of the powder particle occurs [63].  

 

 

Figure 2.16  Schematic of the electron penetration range in a solid medium [86]. 
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Inside the build chamber houses two hoppers and a heat shield. The hopper is used to 

hold the powder material with a size distribution of 45-100 µm that is gravity fed to the raking 

system. The heat shield is made of several polished stainless-steel metal sheets that help 

maintain the high built temperature during the building process. Below the hopper is the build 

table where the raking system is used to deposit each layer of powder with a thickness range 

of 50 to 200 µm. The computer controlled electron beam then selectively scans the contours 

and then the hatch area at speeds reaching 10 m/s and ~0.5 m/s respectively. The built table is 

then lowered with a screw mechanism to the desired layer thickness. The new layer is 

deposited, and the process is repeated until the part is fully fabricated. When a part is fully 

fabricated, the part can cool inside the built chamber till the temperature is below 100oC. 

Helium is let into the built chamber to assist in the cooling duration. The part is later removed 

from the powder bed, and the surrounding sintered powder is removed using the powder 

recovery system.  

SEBM is capable of producing functional parts with high mechanical properties more 

rapidly and more energy-efficiently as compared to laser based metallic AM technologies, such 

as selective laser melting (SLM) [1, 2]. In addition to the advantages such as the rapid 

manufacturing process and high energy efficiency, electron beam melted parts are also reported 

to have less residual stresses as compared to laser based processes [1, 2]. Post-processing heat 

treatment may not be necessary for the SEBM built functional parts. 

 

Directed Energy Deposition (DED) 

 

DED processes cover the following systems such as Laser Engineer Net Shaping 

(LENS), Direct Metal Deposition (DMD), Laser Metal Deposition (LMD) and Shaped Metal 

Deposition (SMD). The DED process can be further subcategorized according to their material 

feedstock mode (i.e. powder-fed systems and wire-fed systems) as shown in Figure 2.17. 
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Generic illustrations of the DED powder-fed system and wire-fed system are shown in 

Figure 2.17. DED process is a category of AM techniques that use a focused beam or an electric 

arc to fuse metallic powder or wire materials feedstock by layer-wise melting [17, 87]. Metal 

parts fabricated by DED processes exhibited high cooling rate solidified microstructures [2]. 

The layer of material being deposited can vary between 0.1 to a few millimeters in thickness 

[17]. Powder-fed AM systems have shown unique advantages in the repair of worn or damaged 

metal components as they are not restricted to a powder bed [88].  

Of particular interest is that DED processes are capable of producing functionally 

graded (heterogeneous) parts due to its flexibility to change materials’ compositions at each 

layer, by simply adjusting feeding materials and process parameters [2, 89]. Additionally, wire-

fed systems have the highest deposition rates due to the feedstock of wire materials. 

        

Figure 2.17  Generic illustrations of a DED AM systems (a) powder-blown system, 

and (b) wire-fed system [20]. 

  

(a) (b) 
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Sheet Lamination (SL) 

 

Sheet lamination processes include Ultrasonic additive manufacturing (UAM) and 

Laminated object manufacturing (LOM). Sheet lamination processes typically bond thin sheets 

of metallic foils by brazing, diffusion bonding, laser welding, resistance welding, or ultrasonic 

seam welding. A promising SL process is UAM, which uses ultrasonic vibrations to bond metal 

tapes into near net shape components [90]. Generic schematics of two UAM systems are shown 

in Figure 2.18.  

 

 

Figure 2.18  Generic illustrations of SL AM systems (a) Laminated object 

manufacturing (LOM) [2] and (b) Ultrasonic additive manufacturing (UAM) [91]. 

 

An advantage of SL process is in its capability of processing different metal materials. 

The process does require additional post machining to remove unbound metals and to produce 

features such as channels and holes to achieve the desired geometry. Due to the joining of metal 

sheets, anisotropy in mechanical properties was prevalent in SL parts [17]. This is mainly due 

to the weaker bonding formed across the foil interfaces as compared with the intergranular 

bonding within each foil tape [2]. 
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It was found that each metal AM system may have their specific applications based on 

their advantages. PBF systems are typically employed to produce complex geometries 

requiring high resolution and rigorous build accuracy. While DED systems are commonly 

applied to repair and refurbishment of metal parts and large-scale manufacturing. Lastly, sheet 

lamination systems have the capability of joining dissimilar metals to produce components 

with some specific properties. 

 

2.4.3 Influence of processing variables on anisotropy and heterogeneity 

 

A summary of the operating conditions and specifications of typical PBF, DED and SL 

systems is shown in Table 2.3. AM processing variables such as deposition rate, beam size, 

process temperature, deposition rates, deposition mode or scanning strategy, materials would 

result in differences in the microstructure of the as fabricated part. The following subsections 

will discuss such processing variables with regards to their influence towards anisotropy and 

heterogeneity of microstructures and properties for metal AM parts. 
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Table 2.3 Various operating conditions and specifications of PBF, DED and SL systems. 

System Build Volume 

(mm) 

Energy 

Source 

Preheat 

Temperature 

(0C) 

Beam 

Dia. 

(µm) 

Deposition 

Rate/cc h-1 

Layer 

Thickness 

(µm) 

Ref. 

Powder-bed System       

Electron beam based       

Arcam 

(A2) 

Ø300200 3.5 kW 

Electron 

Beam 

700 ~455 ~60 100 [17, 26, 

92] 

Laser beam based       

SLM 

(SLM250) 
250250250 400 W Nd: 

YAG laser 

up to 200 ~80 ~20 10-50 [17, 93] 

Powder-fed systems       

Optomec 9001500900 1 - 4 kW 

IPG fiber 

laser 

- ~250 ~230 250 [1, 17] 

Wire-fed systems       

Sciaky 

(EBAM 

300) 

76202743335

3 

>40 kW @ 

60 kV 

welder 

- ~380 ~2000 3000 [1, 17] 

Sheet lamination systems       

VHP 

UAM 

1500x1500x600 9 kW @ 20 

kHz 

- - - 150 [94, 95] 

 

 

2.4.3.1 Deposition rate 

 

Some AM processes such as powder-fed DED are capable of producing material 

heterogeneity through in-situ variation in the deposition rate [64]. Figure 2.19 shows the result 

of a study that investigated the effect of deposition rates on the area fraction of equiaxed or 

columnar grains in the microstructure of DED titanium parts [64]. Though the reduction in 

deposition rate and beam size are often required to achieve better geometrical accuracy in such 

processes [2]. 
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Figure 2.19  Effect of deposition rate on the microstructure of DED process; (a) A 

plot of the deposition rate against the area fraction of the equiaxed and columnar 

grains within a melt pool for the powder-fed DED process. (b) A schematic 

illustrating the measurements of area fractions of equiaxed and columnar grains fEG 

and fCG [64]. 
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2.4.3.2 Beam size and power 

 

Beam size and power may influence particle ejection during the layer-wise melting 

process. There are three basic particle ejection modes in beam melting processes: (1) the 

convective transport of liquid or plasma metal out of the molten pool commonly called spatter 

ejection or sometimes referred to “fireworks” during the melting process, (2) kinetic recoil of 

powder in DED and (3) electrostatic repulsion of powder particles in SEBM [17]. The former 

has been known to result in welding defects and is an underlying mechanism for the formation 

of process-induced porosity [17, 96]. Such defects can, in turn, affect the anisotropy and 

heterogeneity of the metal AM part. 

 

2.4.3.3 Build environment 

 

The AM build environment is an important processing variable. It was found that the 

absorption of atmospheric gasses during the building process might negatively impact the 

mechanical properties of the materials [97]. Thus, inert gas or vacuum atmosphere were often 

used during the metal AM processes [8]. However, operating in high vacuum environment will 

lead to an increased melt vaporization and outgassing of impurities [17, 98], which could cause 

heterogeneity in chemical composition. Also, it was reported that the flow rate and the pathway 

of inert gas had an effect on the porosity in SLM-built Ti-6Al-4V [99] because impurities 

generated from the melting process were re-deposited onto the scanned area. 

 

2.4.3.4 Processing temperature 

 

Processing temperature varies among the different metal AM systems. Some metal AM 

systems like LENS and UAM typically work at low process temperatures, while others such as 

EBM could require a processing temperature as high as ~1000 oC for some high-temperature 

materials [100]. The low substrate temperature in metal AM systems can reduce the 
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heterogeneity in microstructure due to differences in part size [101]. However, low substrate 

temperature could induce a higher magnitude of residual stress distributed unevenly in metal 

AM parts [102], which has been reported to affect the bulk mechanical behavior negatively 

[17]. 

 

2.4.3.5 Deposition mode and scan strategy 

 

Deposition mode is the way in which material is delivered onto the melt surface in the 

metal AM system. The angle at which the material is fed in DED processes has been shown to 

be significant to minimize the defects during melting [103]. In the case of PBF processes, the 

beam scanning strategy is the important factor for controlling build defects [104]. The scan 

strategies that are commonly used in PBF systems include bi-directional, snaking and checker 

box [105-107].  Scan strategies have been reported to influence the crystal texture of the grains 

due to differences in the overall direction of the thermal gradient [108]. Crystallographic 

texture mainly contributes to anisotropy in the material [66, 109]. Other than crystallographic 

texture, scan strategy has also been attributed to be able to control the formation of either 

equiaxed or columnar grains, by altering the scan strategy across layers [110, 111]. Figure 2.20 

shows a crystallographic orientation map with that the letter’s “DOE” being of a different 

crystal orientation as compared to the surrounding grains. The material used in the study in 

Inconel 718. As such it can be seen that deposition mode and scan strategy could play an 

important role in controlling the anisotropy and heterogeneity in metal AM parts. 
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Figure 2.20 Crystallographic orientation map shows site-specific control of the 

crystallographic orientation of grain in Inconel 718 via optimization in scan strategy 

[111]. 

 

2.4.3.6 Materials 

 

Most of metal AM technologies such as PBF, DED, and SL, adopt raw material 

in the forms of powder, wire, and sheet. The quality of powder (e.g. morphology and size 

distribution) used in PBF systems can determine the uniformity of material spreading 

across the powder bed  [112, 113]. Such physical properties can also affect the density of 

metal AM parts [114]. The difference in the powder’s quality is due to the different 

powder production methods [17]. Some powder production methods such as gas 

atomization can induce gas porosity into the final AM part. Post heat treatment processes 

(e.g. hot isostatic pressing) was needed to eliminate such pores [98]. The technology for 

the production of wire feedstock for the DED process is more mature as compared to the 

production of powder feedstock [17]. However, there still exist some defects relating to 

wire-type feedstock. Defects such as cracks or scratches on the wire surfaces can directly 

lead to porosity in the final AM part [17]. 
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2.4.4 Applications and challenges of metal AM in Marine & Offshore industries 
 

The potential of AM for the industries has been recognized and that is to reduce 

production/repair time of components at a lower cost. Though there are still little reports 

on the use of metal AM in the marine and offshore industry. Application of AM in the 

Marine and Offshore industry have mainly been reported to be used on naval ships. One 

possible application is in the gas turbine engine used in naval ships. The reason for the 

lack of current applications in the marine and offshore industry might be that the build 

volume of metal AM is still confined to a small volume. This section will discuss 

applications relating to the marine and offshore industry that are possible to be additively 

manufactured with today’s current technologies. 

 

2.4.5 Titanium alloys in marine and offshore industries 

 

Titanium alloy with its high specific strength, good creep resistant up to 5500C, and 

excellent corrosion resistant has been recognize as a very good choice for the marine 

application in 1950 [115]. Figure 2.21 shows the excellent corrosion properties of titanium as 

compared to various marine alloys [116].  
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Figure 2.21  Corrosion resistance of titanium against other marine alloys [116]. The 

imperial unit for corrosion rates is “mpy” = mils per year. 1 mpy is equivalent one 

thousandth of an inch. 

 

A majority of structurally material used in the offshore platforms are steel which 

requires some form of active sacrificial anodes and/or cathode protection against corrosion. 

Drawback of titanium as a material for marine and offshore applications is the high cost of 

production and repair using conventional methods. Titanium has to be manufactured in an inert 

atmosphere due to its high affinity with oxygen to form brittle carbide precipitates [117]. 

However, with the introduction of AM, it is now cheaper to manufacture titanium parts as 

compared to before. Other concerns with titanium are the stress corrosion and low toughness 

of some of its alloys and the lack of antifouling characteristics against bio-organisms [118]. 

2.4.5.1 Heat Exchangers 

 

It has been reported that heat exchangers on offshore platforms in the North Sea uses 

titanium alloy (Ti Code-12 which contains 0.3 wt. % molybdenum and 0.8 wt. % nickel) for 

increased reliability resulting in cost saving over the life cycle of their operating life and their 

heat transfer characteristic are comparable to other popular materials (e.g. cupronickel) [115]. 
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Thus heat exchangers with titanium tubing with rolled integral fins are a favorable choice over 

cheaper copper-based tubing based heat exchangers in the cooling of seawater and crude oil 

applications [115, 119]. Figure. 2.22 (a and b) shows two types of titanium-based heat 

exchangers, tubular and plate type. Tubular heat exchangers are used to cool the crude oil 

directly with flowing sea water via a series of tubes. Plate-type heat exchangers uses metal 

plates to transfer heat between two fluids instead [115]. AM has enabled new designs of heat 

exchanges to be explored as shown in Figure 2.22 (c and d). Research regarding the effect of 

geometry on the heat dissipation capabilities of heat exchanger has thus been revisited 

academically. 

   

Figure 2.22  Images of various types of heat exchangers: (a) Titanium based tubular 

type heat exchanger with titanium tubing [120], (b) Titanium based plate-type heat 

exchanger [119] and (c and d) Examples of AM heat exchangers. 

 

(a) 
(b) 

(c) (d) 
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2.4.5.2 Valves and Plumbing Fixtures 

 

Given titanium’s excellent pitting and crevice corrosion resistance, it can be used in 

plumbing fixtures and valve applications. Ball valves utilized in the marine industry have been 

reported to be switching from Monel (70 Ni/30 Cu) to cast titanium Ti-6Al-4V  [118, 121]. 

Advantages of the use of titanium in such application mainly stem from the longer operating 

life and the lesser maintenance requirement. Such fixtures are also used in aircraft hydraulic 

systems and are likely to be also used in the submarines [122]. Figure 2.23 shows various types 

of valves and plumbing fixtures. 

 

Figure 2.23  Images of several AM valves and prototypes: (a) An additive 

manufactured hydraulic manifold use in submersible robots by Oak Ridge National 

Laboratory (b) A ball valve additively printed in ABS polymer [123] and (c) 

Prototype of a ball valve that was made by AM. 

 

(a) (b) 

(c) 
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2.4.5.3 Pumps, Impellers & Propellers 

 

Titanium pumps used in crude oil recovery systems have shown to have less corrosion 

and abrasive wear by brine as compared to stainless steel pumps [115].  Such high-pressure 

pumps have been reported to be operating for more than seven years [124]. Investment cast Ti-

6Al-4V have been reported to be used in pump’s casing and impellers handling brine, while 

Ti-0.15 wt.% Pd alloy are used in sour crude systems, due to its corrosion resistance against 

sulphuric acid. Table 2.4 and Figure 2.24 shows various applications that titanium alloys can 

be used. 

 

Table 2.4   Titanium alloy application in marine and offshore industry [116]. 

  Reason for selection 

Equipment Material 

Strength-to-

weight Ratio 

Corrosion 

Resistance 

Fatigue 

Resistance 

SCC 

Resistance 

Cavitation 

Resistance 

Propeller 
Cast Ti-6Al-

4V 
X X X  X 

Television 

re-entry systems 
 

Ti-621/0.8 Mo X X  X  

Couplings Ti-6Al-4V X X X   

Buoyancy Ti-6Al-4V X X    

 Ti-621/0.8 Mo X X  X  

Submersibles Ti-621/0.8 Mo X X X X  

 

 

                      

Figure 2.24  Examples for possible applications that can be AM (e.g.  pump, 

impeller and propeller); (a) Shows a pump used for sea water applications, (b) 

shows the impeller component in a pump [125], (c) shows a propeller [126]. 

(b) (a) (c) 
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2.4.6 Summary 

 

Metal AM has been available for the last 25 years, there have been many metal AM 

technologies that have been developed during that time. This section has reviewed the major 

category of Metal AM technologies that are currently available. In this thesis, the Metal AM 

technology in focus is the SEBM technology. This section also reviewed potential applications 

of additive manufactured titanium alloy in the marine and offshore applications. Due to the 

limitation of the build volume of current technologies, the possible application of AM in the 

marine and offshore industry is limited to smaller components such as ball valves, propeller, 

hydraulic manifolds, and impellers. With AM the cost of fabricating such applications in low 

volume is likely to be more cost effective as compared to conventional methods due to the lack 

of tooling cost. 

 

2.5 Anisotropy and heterogeneity of microstructure and mechanical properties in metal 

additive manufacturing 

 

2.5.1 Anisotropy in metal AM 

 

Metal AM systems allow the fabrication of near-net-shaped parts with excellent tensile 

properties [9]. Some researchers reported anisotropic mechanical properties in metal AM parts, 

while other researchers reported the contrary [127-132]. The discrepancy in the studies may be 

due to the complex microstructure that exists in metal AM parts [133, 134]. This section thus 

aims to discuss the relationship between microstructure and mechanical properties on 

anisotropy. 
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2.5.2 Anisotropy in microstructure 

 

2.5.2.1 Grain morphology  

 

A common microstructure feature observed in metal AM parts was the epitaxial 

columnar grain morphology [26, 135-137]. Figure 2.25 shows an example of the epitaxial 

columnar grain morphology in SLM Co-alloy via a SEM micrograph and its corresponding 

crystal orientation map [138]. Such columnar grains that are aligned parallel to the build 

direction have been mainly attributed to causing anisotropy of mechanical properties in metal 

AM parts [10]. In the build direction, there the accumulation of slip dislocations along the prior 

β grain boundaries is greater as compared to the orientation perpendicular to the build direction 

due to the longer length of the prior β grain boundaries [139]. As such more plastic deformation 

before failure is reported in the vertically orientated samples [9]. Epitaxial columnar grain 

growth is because of the re-melting of previous layers during the material deposition process. 

It induced sufficient thermal gradient within the melt pool, which would prevent nucleation 

ahead of the solidification front [111]. 
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Figure 2.25  Columnar grain morphology in AM Co-base alloy; (a) SEM 

micrograph of the cross section of a Co-base alloy produced using the SLM process. 

(b) The corresponding crystal orientation map of the micrograph [138]. 

 

2.5.2.2 Crystallographic texture 

 

Given the steep thermal gradient along the build direction, the SEBM-built Ti-

6Al-4V exhibited a preferential <001> crystallographic texture for the reconstructed prior 

β grains [92]. Figure 2.26 shows that the <001>β texture of the reconstructed prior β grains 

of EBM-built Ti-6Al-4V improved with build height due to the grains with a <001> 

orientation having the greatest growth advantage [92]. Strong crystallographic texture has 

been known to result in anisotropy in mechanical properties [140]. However, due to the 

phase transformation from β to α phase following the Burgers orientation relationship, 

the resultant crystallographic orientation of the predominantly α phase showed an almost 

isotropic distribution [26, 133]. It is thus likely that the resultant crystallographic texture 

Build 

direction 
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in the case of SEBM-built Ti-6Al-4V may not be a significant contributor to anisotropy. 

Another study on laser-based PBF tantalum likewise suggested that the elongated grain 

morphology along the build direction had a larger influence on the anisotropy as 

compared to the crystallographic texture [109]. 

 

Figure 2.26  Reconstructed β-phase IPF maps and their corresponding texture pole 

figures at different build heights of; (a) 0.5 mm, (b) 5 mm, (c) 25 mm, (d) 35 mm 

near the build top surface of SEBM-built Ti-6Al-4V [39]. 
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2.5.2.3 Lack-of-fusion defects 

 

Lack-of-fusion defects can be formed possibly due to unoptimized process parameters 

[141]. Such processing defects can range from ~50-500 µm in size [142]. The directionality of 

such defects has an effect on the anisotropy in mechanical properties [18]. This is attributed to 

the tensile stress being normal to the plane of the defect, thus inducing crack propagation along 

the tip of the defect leading to material failure. As such, it is important to identify such 

processing-induced defects during the AM process. Many researchers are actively conducting 

research in the area of in-situ process monitoring, to identify such material discontinuities 

during the manufacturing process [142]. Figure 2.27 shows micro computerized tomography 

(CT) scans of the spatial distribution of defect in as-built SEBM Ti-6Al-4V alloy [143]. Post 

heat treatment process like HIP may eliminate a majority such lack-of-fusion defects from 

metal AM parts [9].  

In summary, columnar grain morphology, crystallographic texture, and lack-of-fusion 

defects are the three factors contributing to the anisotropy in the microstructure of metal AM 

part. With on-going research to improve the quality of metal AM parts, it can be foreseen that 

such lack-of-fusion defects will be significantly reduced [9]. Therefore, the columnar grain and 

the strong crystallographic texture mainly contribute to anisotropy in metal AM parts. 
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Figure 2.27 (a) µCT scans showing defects spatial distribution in SEBM Ti-6Al-4V 

(b) defect histogram for the SEBM Ti-6Al-4V at the bottom, middle and top region 

(c) fraction toughness variation at the bottom, middle and top region respectively 

[143]. 

 

2.5.3 Anisotropy in mechanical properties 

 

The published literature regarding the anisotropic mechanical properties (e.g. tensile, 

compressive, fracture and fatigue) from metal AM parts will be discussed in the following 

sections. The majority of the available results was based on AM titanium alloys. Other metals 

or alloys (e.g. cobalt chrome (CoCr), Inconel superalloys, stainless steels and aluminum alloys, 

etc.) will also be discussed in this thesis. In addition, the thesis will examine whether the 

anisotropic mechanical properties of metal AM parts could meet the minimum requirements 

for practical applications. As anisotropy is an orientation-dependent property, the orientation 

designation standard will be presented to provide clarity. 
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2.5.3.1 Orientation designation standard 

 

The International Organization for Standardisation (ISO) and ASTM have formed a 

joint committee, called F42 in 2009, to work on developing standards for AM [144]. This thesis 

will adopt the ISO and ASTM standard regarding the orientation designations for mechanical 

testing to provide consistency in comparison [145]. Figure 2.28 (a) shows the orientation 

designation for mechanical testing based on the ISO and ASTM standard. In this terminology, 

rectangular test coupon requires three alphabets (X, Y, and Z) to provide a complete orientation 

designation. The X-axis is designated to be parallel to the front of the machine while the Z-axis 

is in the vertical direction. The Y-axis is perpendicular to both the X and Z-axis, with a positive 

direction following a right-hand rule coordinate system. The first alphabet in the designation 

corresponds to the axis parallel to the longest overall dimension and the second and third 

alphabets correspond to the axis parallel to the second and third longest overall dimensions.  

Additionally, Figure 2.28 (b) shows the possible ISO designations for determining the 

orientation dependence of mechanical properties for AM samples based on a study [146]. The 

first letter in this nomenclature represents the directions normal to the crack plane, and the 

second letter represents the predicted direction of the crack propagation. The last letter 

represents the plane in which the crack begins (e.g. start (s), end (e), middle (m) and both (b)). 

These orientation designation standards thus provide a starting point for a comparison of the 

published literature in the current work. 
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Figure 2.28  Orientation designations for mechanical testing of AM materials; (a) 

tensile test [9] (b) determining the orientation dependence of mechanical properties 

[146]. 

  

(a) 

(b) 
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2.5.3.2 Tensile properties 

 

Many studies have shown that the tensile properties of AM Ti-6Al-4V are comparable 

to their cast and wrought material equivalents [9, 20, 147]. However, less emphasis has been 

placed on investigating the anisotropic mechanical properties of metal AM parts using various 

technologies. More importantly, it is still not well understood if the lower limit of anisotropic 

mechanical properties in metal AM parts could meet the minimum requirements of their cast 

and wrought equivalents. Table 2.5 summarizes the anisotropic tensile properties of various 

metal AM parts. As a number of the research papers did not comprehensively report the build 

orientation of their samples, some of the orientation indicated in the table does not follow the 

notation system described in section 2.5.3.1 earlier. 

Anisotropy will be defined as 
𝜎𝑥−𝜎𝑧

𝜎𝑥
× 100% [148], where 𝜎𝑥 and 𝜎𝑧 denotes the 

mechanical properties (e.g. yield strength, elongation, fracture toughness and fatigue threshold) 

in the x and z directions, respectively. It is worth noting that the trend of anisotropy is opposing 

for tensile strength and ductility [149]. In the majority of the studies on SEBM-built and DED-

built Ti-6Al-4V, no significant anisotropy in yield strength was observed. However, in the case 

of SLM-built Ti-6Al-4V, there existed higher anisotropy in the yield strength between the 

different build orientations. Anisotropy in tensile properties was also observed in SL 

aluminium alloy [11, 14]. Despite anisotropy being exhibited by the SLM-built Ti-6Al-4V, a 

majority of the reported yield strength either matched or surpassed the minimum values for 

their cast and wrought equivalents.  

However, the majority of ductility results observed in SLM-built and DED-built Ti-

6Al-4V was below the minimum value of 8-10 % elongation for wrought material. The low 

ductility of SLM-built and DED-built Ti-6Al-4V is mainly attributed to the brittle martensitic 

phase formed during the SLM and DED processes [10, 150]. Ductility of metal AM parts can 

be improved through post heat treatment processes [148, 151]. In some studies, anisotropy in 
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ductility remains between the different orientations, suggesting that the anisotropic property is 

most likely due to the columnar grains [131, 149, 152]. 

 

Table 2.5 Summary of tensile properties of various metal AM parts. 

 
 

  

Material Condit

ion 

Process Tensile Axis 

Orientation 

Anisotro

py in 

yield 

strength 

(%) 

Anisotropy 

in 

elongation 

(%) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Ref. 

  
Powder-bed fusion 

      

  
Electron beam based 

      

Ti-6Al-

4V 

As-

built 

Arcam Horizontal 

(XY) 

-1.0 -14.0 870.0 ± 8.1 971.0 ± 3.1 12.1 ± 0.8 [153] 

   
Vertical (Z) 879.0 ± 

12.0 

953.0 ± 8.8 13.8 ± 0.9 
 

Ti-6Al-

4V 

As-

built 

Arcam 

A1 

Horizontal 

(XY &YX) 

-3.7 -33.3 783.0 ± 

15.0 

833.0 ± 

22.0 

2.7 ± 0.4 [132] 

   
Vertical 

(ZXY) 

812.0 ± 

12.0 

851.0 ± 

19.0 

3.6 ± 0.9 
 

Ti-6Al-

4V 

Machin

ed 

Arcam 

S400 

Horizontal(X/

Y) 

27.3 -98.0 1195.0 ± 

19.0 

1269.0 ± 9 5.0 ± 0.5 [32] 

   
Vertical (Z) 869.0 ± 7.2 928.0 ± 9.8 9.9 ± 1.7 

 

Ti-6Al-

4V 

As-

built 

Arcam 

S2 

Horizontal 

(XY) 

-0.1 26.2 982.9 ± 5.7 982.9 ± 5.7 12.2 ± 0.8 [130] 

   
Vertical (Z) 984.1 ± 8.5 1032.9 ± 

12.9 

9.0 ± 2.9 
 

Ti-6Al-

4V 

As-

built 

Arcam 

A2 

Horizontal 

(XYZ) 

23.6 - 825 907 - [139] 

   
Vertical 

(ZXY) 

630 792 - 
 

Ti-6Al-

4V 

HIP Arcam Horizontal 

(XYZ) 

-0.2 5.1 866 ± 6.4 959 ± 8.2 13.6 ± 0.6 [153] 

   
Vertical (Z) 868 ± 2.9 942 ± 2.6 12.9 ± 0.8 

 

Ti-6Al-

4V ELI 

As-

built 

Arcam Horizontal 

(XYZ) 

0.0 -4.1 803 896 17 [154] 

   
Vertical (Z) 803 896 17.7 

 

Ti-6Al-

4V ELI 

As-

built 

Arcam Horizontal 

(XYZ) 

1.8 -9.5 817 ± 4.3 918 ± 1.0 12.6 ± 0.8 [153] 

   
Vertical (Z) 802 ± 7.9 904 ± 6.9 13.8 ± 0.9 

 

Ti-6Al-

4V ELI 

HIP Arcam Horizontal 

(XYZ) 

0.9 -8.8 814 ± 2.4 916 ± 2.5 13.6 ± 1.2 [153] 

   
Vertical (Z) 807 ± 8.4 902 ± 8.7 14.8 ± 0.5 

 

CoCrMo As-

built 

Arcam Horizontal 

(XYZ) 

-9.6 84.0 717 1110 5 [155] 

   
Vertical (Z) 786 869 0.8 

 

CoCrMo HIP & 

HT 

Arcam Horizontal 

(XYZ) 

0.2 0.0 586 1145 30 [155] 

   
Vertical (Z) 585 1151 30 
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Table 2.5  Summary of tensile properties of various metal AM parts (continue). 

  

Material Condi

-tion 

Process Tensile Axis 

Orientation 

Anisotro

-py in 

yield 

strength 

(%) 

Anisotropy 

in 

elongation 

(%) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Ref. 

  
 

Powder-bed fusion 

Laser beam based 

      

Ti-6Al-

4V 

As-

built 
SLM Horizontal 

(XYZ) 
-2.9 0.0 1093 ± 64 1279±13 6±0.7 [131] 

   

Vertical 

(ZXY) 

1125 ± 22 1216±8 6±0.4 

 

Ti-6Al-

4V 

As-

built 

Renisha

w 

AM250 

Horizontal 

(XYZ) 

10.0 -17.1 1075 ± 25 1199 ± 49 7.6±0.5 [149] 

   

Horizontal 

(XZY) 

1.1 24.6 978 ± 5 1143 ± 6 11.8 ± 0.5 

 

   

Vertical 

(ZXY) 

  

967 ± 10 1117±3 8.9±0.4 

 

Ti-6Al-

4V 

Machin

ed 

EOS 

M270 

SLM 

Horizontal 

(X/Y) 
4.4 2.2 1195 ± 19 1269±9 5±0.5 [32] 

   

Vertical (Z) 1143 ± 30 1219±20 4.89±0.6 

 

Ti-6Al-

4V 

Machin

ed 

SLM Horizontal 

(XY) 

15.4 77.6 1137 ± 20 1206±8 7.6±2 [151] 

   

Vertical (Z) 962 ± 7 1166±25 1.7±0.3 

 

Ti-6Al-

4V 

As-

built 

Concept 

Laser 
M2 

Cusing 

SLM 

Horizontal 

(XY) 

1.9 -54.5 1070 ± 50 1250±50 5.5±1 [150] 

   

Vertical (Z) 1050 ± 40 1180±30 8.5±1.5 

 

Ti-6Al-

4V 

SR SLM Horizontal 

(XYZ) 

1.1 -14.3 1145 ± 17 1187 ± 10 7 ± 2.7 [131] 

   

Vertical 

(ZXY) 
1132 ± 13 1156 ± 13 8 ± 0.4 

 

Ti-6Al-

4V 

SR Renisha
w 

AM250 

Horizontal 

(XYZ) 

3.8 -37.1 974 ± 7 1065 ± 21 7.0 ± 0.5 [149] 

   

Horizontal 

(XZY) 

2.2 22.6 958 ± 6 1057 ± 8 12.4 ± 0.7 

 

   

Vertical 

(ZXY) 

  

937 ± 9 1052 ± 11 9.6 ± 0.9 

 

Ti-6Al-

4V 
HT SLM Horizontal 

(XYZ) 
0.9 -100.0 973 ± 8 996 ± 10 3 ± 0.4 [131] 

   

Vertical 

(ZXY) 

964 ± 7 998 ± 14 6 ± 2 
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Material Condi-

tion 

Process Tensile Axis 

Orientation 

Anisotro

-py in 

yield 

strength 

(%) 

Anisotropy 

in 

elongation 

(%) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Ref. 

Ti-6Al-

4V 
HT SLM Horizontal 

(XY) 
2.0 11.8 944 ± 8 1036 ± 30 8.5 ± 1 [151] 

   

Vertical (Z) 925 ± 14 1040 ± 4 7.5 ± 2 

 

IN718 - SLM Horizontal 

(X/Y) 
9.7 -7.9 816 ± 24 1085 ± 11 19.1 ± 0.7 [156] 

   

Vertical (Z) 737 ± 4 1010 ± 10 20.6 ± 2.1 

 

IN718 HT SLM Horizontal 

(X/Y) 
2.9 -9.4 1222 ± 26 1417 ± 4 15.9 ± 1.0 [156] 

   

Vertical (Z) 1186 ± 23 1387 ± 12 17.4 ± 0.4 

 

Al-Si-

10Mg 

As 

built 
SLM Horizontal(XY

) 
0.1 -11.0 169 ± 1 272.8 ± 2.9 8.2 ± 0.3 [157] 

   

Vertical(Z) 168.8 ± 1.3 267 9.1 ± 0.5 

 

Al-Si-

10Mg 

As-

built 

Concept 

Laser 

M2 

Horizontal 

(X/Y) 
4.0 16.7 250 330 1.2 [158] 

   

Vertical (Z) 240 320 1 

 

Al-Si-

10Mg 

- Concept 

Laser 

M1 

Horizontal(XY

) 

- 37.5 - 391 ± 6 5.55 ± 0.4 [159] 

   

Vertical(Z) - 398 ± 8 3.47 ± 0.6 

 

CoCrMo As-

built 

Dimetal-

100 

Horizontal(XY

) 

7.1 25.0 738 ± 9.9 1050 ± 12.2 5.2 ± 0.3 [160] 

   

Vertical(Z) 685.3 ± 

10.5 

970 ± 9.8 3.9 ±0.2 

 

  
DED systems 

Powder-fed deposition 

      

Ti-6Al-

4V 

Machin

ed 

Trumpf 

DLD 

system 

Horizontal 

(X/Y) 

0.0 58.3 950 ± 2 1025 ± 10 12 ± 1 [161] 

   

Vertical (Z) 950 ± 2 1025 ± 2 5 ± 1 

 

Ti-6Al-

4V 

As-

built 

Tritons 

Laser 

Free-

Form 

Fabricati

on (LF3) 

Horizontal 

(XYZ) 

41.5 73.4 892 ± 10 911 ± 10 6.4 ± 0.6 [148] 

   

Vertical 

(ZXY) 

522 797 ± 27 1.7 ± 0.3 
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2.5.3.3 Fracture toughness 

 

Fracture toughness is a property describing the ability of a material containing a crack 

to resist fracture [168, 169]. Table 2.6 compiles the reported fracture toughness values of some 

metal AM parts from a variety of studies. The samples are defined by the author as vertical and 

horizontal based on the orientation of the longest edge of the sample to the build platform. If 

the longest edge of the sample is parallel to the build platform, the sample is termed as 

horizontal and if the longest edge is perpendicular to the build platform, the sample is termed 

as vertical. In both SLM-built and SEBM-built Ti-6Al-4V, anisotropy in fracture toughness 

Material Condi-

tion 

Process Tensile Axis 

Orientation 

Anisotro

-py in 

yield 

strength 

(%) 

Anisotropy 

in 

elongation 

(%) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 
Ref. 

          

Ti-6Al-

4V 

Machin

ed 

Tritons 

Laser 

Free-

Form 

Fabricati

on (LF3) 

Horizontal 

(XYZ) 

2.6 29.6 984 ± 25 1069 ± 19 5.4 ± 1 [148] 

   

Vertical 

(ZXY) 

958 ± 14 1026 ± 17 3.8 ± 0.9 

 

Ti-6Al-

4V 

Machin

ed 

DED Horizontal 

(YZX) 

0.2 -28.4 960 ± 26 1063 ± 20 10.9 ± 1.4 [10] 

   

Vertical 958 ± 19 1064 ± 26 14 ± 1 

 

Ti-6Al-

4V 

ASTM 

F1472 

Cast 

material 

   

>758 >860 >8 [162] 

Ti-6Al-

4V 

ASTM 

F1108 

Wrought 

material 

   

>860 >930 >10 [163] 

CoCrMo ASTM 

F75 

Cast 

material 

   

450 655 8 [164] 

CoCrMo ASTM 

F1537 

Wrought 

material 

   

517 897 20 [165] 

Al-Si-

10Mg 

 

A360 

Die Cast 

   

160 325 3 [166] 

IN718 AMS 

5382 

Cast 

material 

   758 802 5 [167] 

IN718 AMS 

5662 

Wrought 

material 

   

1034 1241 10 [167] 
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was reported [143] [170].  An important reason for the orientation dependent fracture toughness 

in SEBM-built Ti-6Al-4V is the interaction of the crack propagation path with the 

microstructure of the material. As such the direction of the crack plane and the orientation of 

the columnar grains in SEBM-built Ti-6Al-4V will affect the fracture toughness of the material. 

Crack propagation through the prior β grains would result in a higher fracture toughness as 

compared to when the crack is propagating along the columnar grain boundary [143]. It is noted 

that the fracture toughness of SEBM-built Ti-6Al-4V, was comparable to the value of  44 - 66 

MPa m0.5 and 88 - 110 MPa m0.5 for Ti-6Al-4V with equiaxed and transformed α morphology 

[171]. The lower toughness values observed in SLM-built Ti-6Al-4V is due to the fine acicular 

α' martensitic microstructure that is brittle as compared to the α/β duplex microstructure 

observed in the SEBM-built Ti-6Al-4V [170].  

Additionally, residual stresses within the metal AM parts can lead to anisotropy in 

fracture toughness [131]. Such residual stresses can be reduced by post heat treatment 

processes such as HIP or stress relief treatment. A study based on SLM Ti-6Al-4V observed 

an increase in fracture toughness and the lost in anisotropy after HIP and stress relief heat 

treatments for SLM-built Ti-6Al-4V [131]. A study on SEBM-built Ti-6Al-4V however 

reported a decrease in fracture toughness after heat treatment processes, which was due to the 

coarsening of the microstructure [143]. Thus, understanding of the as-built microstructures for 

the different metal AM systems is important in determining the post heat treatment schemes in 

order to achieve superior fracture toughness. 
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Table 2.6  Summary of fracture toughness of various metal AM parts. 

Material Condition Process Orientation 

Anisotropy in 

fracture 

toughness 

(%) 

Fracture toughness 

(MPa √m) 
Ref. 

  Powder-bed fusion     

  Electron beam based     

Ti-6Al-4V As-built Arcam A1 Horizontal (Y-X-B, X-Y-B) 

7.3 

110±7.4 [132] 

   Vertical (Z-X-M, Z-Y-M) 102±8.9  

Ti-6Al-4V As-built Arcam A2 Horizontal (X-Z-E, X-Y-B, Y-X-B) 

18.8 

67-80 [146] 

   Vertical (Z-X-M) 65  

  Laser Beam based     

Ti-6Al-4V As-built SLM Horizontal (X-Y-B) 

17.9 

28±2 [131] 

   Vertical (X-Z-E, Z-X-M) 16-23  

Ti-6Al-4V As-built MTT 250 Horizontal (Y-X-B) 

3.1 

66.9 ± 2.6 [170] 

   Vertical (Z-X-M, Z-Y-M) 41.8-64.8 ± 16.9  

Ti-6Al-4V SR SLM Horizontal (X-Y-B) 

-10.7 

28±2 [131] 

   Vertical (X-Z-E, Z-X-M) 30-31±2  

Ti-6Al-4V HT SLM Horizontal (X-Y-B) 

-19.5 

41±2 [131] 

   
Vertical (X-Z-E, Z-X-M) 49±2 

 

  

2.5.3.4 Compressive properties 

 

Compressive testing was also commonly used to evaluate the mechanical properties of 

metal AM parts [28]. A study on SLM-built tantalum alloy reported that compressive yield 

strength was higher in the vertical direction as compared to that in the horizontal direction. 

This is attributed to the different crystallographic textures [109]. The compression yield 

strength of SLM tantalum alloy were found to be better than those fabricated by either electron 

beam furnace or powder metallurgy despite the anisotropic tensile strength [109]. Anisotropy 

in mechanical properties can be designed into a part through structural design [19]. A study on 

SEBM builds (Ti-6Al-4V) showed that different lattice designs exhibited varying degrees of 
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anisotropy [97]. Anisotropy in compressive strength was shown to be dependent on the unit 

size of the lattice structure [172]. 

 

2.5.3.5 Fatigue properties 
 

The evaluation of fatigue properties is critical to understand how metal AM parts fail 

under cyclic loading. Table 2.7 provides a summary of the published data regarding fatigue 

properties of metal AM parts. It can be observed that higher fatigue strengths were exhibited 

in the horizontal orientation as compared to the vertical orientation in PBF systems. In general, 

SLM fabricated parts exhibited a higher Paris slope as compared to the counterparts EBM, 

indicating a higher fatigue crack growth rate [9]. The cycles to failure of the as-fabricated metal 

AM parts are significantly lower as compared to their wrought equivalent, due to the rough 

build surface and the presence of internal defects acting as crack initiation sites [9]. However, 

the fatigue strength of metal AM parts can be improved through post heat treatment and surface 

machining as shown in Figure 2.29 [9, 173]. In addition to surface roughness and internal 

defects, fatigue crack propagation was also found to be dependent on the crystallographic 

orientation of the grain containing the crack tip, the number of grain boundaries surrounding it 

and the direction of internal residual stress [149, 170]. 

  



60 

 

Table 2.7  Summary of fatigue properties of PBF metal AM Ti-6Al-4V parts and ASTM 

wrought Ti-6Al-4V. 

Material Condition Process Test 

Orientation 

Load 

Ratio (R) 

Anisotropy 

in fatigue 

overload 

(%) 

Fatigue 

overload 

(MPa 

√m) 

Cycles 

(m/cycle) 

Paris 

Slope 

Anisotropy 

in fatigue 

threshold 

(%) 

Threshold 

(MPa √m) 

Ref. 

  
Electron beam based 

        

Ti-6Al-4V As-built Arcam 

A2 

Horizontal 

(X-Z,X-Y) 

0.1,0.3, 

0.7 

28.1 63-96 
 

1.4-3.1 33.3 3.5-5.7 [146] 

   
Vertical 

(Z-X) 
0.3 69  2.6 3.8 

 

Ti-6Al-4V As-built MTT 

250 

Horizontal 

(X-Y) 

 
32.7 33.3 1.2×107 2.61 7.9 6.3 [170] 

   
Vertical 

(X-Z,Y-Z) 

 
22.4-

36.0 

1.7×107-

2.1×107 

2.37-

2.45 

5.8-5.9 
 

  
Laser beam based 

        

Ti-6Al-4V As-built SLM Horizontal 

(X-Y-B) 

   
5.79×1012 3.37 

  
[131] 

 
As-built SLM Vertical 

(X-Z-E,Z-

X-M) 

   
2.08×1012 

- 

7.51×1012 

4.17-

4.41 

   

Ti-6Al-4V SR SLM Horizontal 

(X-Y-B) 

   
9.93×1015 5.84 

  
[131] 

 
SR SLM Vertical 

(X-Z-E,Z-

X-M) 

   
1.16×1011 

- 

8.85×1012 

3.24-

3.35 

   

Ti-6Al-4V HT SLM Horizontal 

(X-Y-B) 

   
2.04×1012 3.83 

  
[131] 

 
HT SLM Vertical 

(X-Z-E,Z-

X-M) 

   
1.71×1011-

2.58×1011 

3.11-

3.35 

   

Ti-6Al-4V 
 

Wrought 
       

2.3-4.2 [174] 

[175] 
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Figure 2.29 Fatigue test result shows the effect of various post-processing 

treatments on the fatigue properties of AM Ti-6Al-4V [173]. 

 

  

Machined and hot 

isostatically pressed 

Wrought Ti-

6Al-4V 

Machined and polished 

As-printed 
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To sum up, it can be concluded that anisotropy in mechanical properties was indeed 

exhibited in metal AM parts. Nevertheless, some parts fabricated from certain metal AM 

systems could exhibit less anisotropy. This is due to the differences in processing variables that 

lead to a more homogenous microstructure and residual stress distribution. Moreover, it is 

important to note that post-processing such as surface machining and heat treatment can 

effectively improve the fatigue properties of metal AM parts to be comparable and even 

superior to their cast and wrought equivalents. 

2.5.4 Heterogeneity in metal AM 

 

Given that one of the main advantages of AM is its ability to directly manufacture 

complex geometries, understanding the heterogeneity that exists in metal AM parts is equally 

important as the anisotropy [17]. A comprehensive set of materials database would allow 

designers better utilize metal AM technologies for more demanding end-use applications [176]. 

Microstructural heterogeneity of metal AM parts can arise from differences in morphology, 

size, orientation, and chemical composition of phases and grains. Such differences resulted 

from the varying thermal conditions (e.g. thermal gradient and cooling rate) that were included 

in different metal AM processes [21]. 

 

2.5.5 Heterogeneity in microstructure 

 

2.5.5.1 Phase constitution 

 

The difference in phase constitution is an important source of microstructural 

heterogeneity in metal AM parts. For example, in the case of α+β titanium alloys (Ti-6Al-4V), 

three phases were often reported, i.e. α phase, β phase and α’ martensitic phase [26]. A study 

on SLM-built Ti-6Al-4V has also shown microstructural variation along the build direction 

[31]. It was suggested that the microstructural variations were caused by a cyclic thermal 

history from successive depositions. Moreover, the top region only exhibited α’martensitic 
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phase that indicated the as-deposited condition without phase decomposition [31]. Likewise, 

for the CoCr alloys processed with EBM, the elevated build temperature caused the metastable 

γ-face centered cubic (fcc) phase transform to the stable ε-hexagonal closed packed (hcp) phase 

during the build process [177, 178], resulting in microstructural heterogeneity along the build 

direction  as shown in Figure 2.30 [177]. Figure 2.30 (a, c and e) shows the phase compositions 

within the EBM-built CoCr sample while Figure 2.30 (b,d and f) shows the crystallographic 

orientations within the EBM-built CoCr sample. Base on Figure 2.30 (a, c and e) it can be 

observed that the initial phase composition was made up of γ-fcc phase that is indicated in red. 

However, after some duration of exposure to the elevated build temperature grain 

recrystallisation occurs. The new grains were made up of the ε-hcp phase which are indicated 

as green in the figure. The 0001 crystal orientation of the original grains were also lost. 

A study based on DED-built IN718 superalloy has also attributed the formation of 

precipitates to cause heterogeneity in hardness [13]. Microstructural heterogeneity was thought 

to be due to solidification segregation, with the presence of niobium along the grain boundary 

promoting the heterogeneous nucleation and growth of γ’’ phase [13]. Thus, it can be seen that 

the different phase constitution at different locations for varying geometry may induce 

heterogeneity in metal AM parts. 
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Figure 2.30  EBSD phase maps of SEBM-built CoCr showing variation in phase 

composition and grain morphology; (a, c, e) and IPF crystallographic orientation 

map (b, d, f) on the longitudinal cross-section of EBM-built CoCr showing variation 

in phase composition and grain morphology [178]. 

 

2.5.5.2 Layer banding and microstructure coarsening  

 

Layer bandings is a popular observed phenomenon in metal AM materials [21, 179, 

180]. Prior research has shown that in titanium alloys, layer banding was a result of segregation 

of vanadium and aluminum. However, a study by Kelly & Kampe revealed no systematic 

elemental variation in DED-built Ti-6Al-4V [179], and concluded that such layer bands is due 

to the cyclic thermal history that the part experienced after multiple layers’ deposition [21, 
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180]. A study on wire-fed DED-built Ti-6Al-4V developed a schematic diagram showing the 

formation of the layer bands as illustrated in Figure 2.31 [179]. Differences in the 

microstructure feature (e.g. mean width of α laths) could be clearly observed between the top 

and the bottom of a layer band [179]. Despite the unique microstructural morphology, it is still 

unclear how such heterogeneity affects the mechanical property of metal AM parts. 

 

 

Figure 2.31  Microstructural evolution map of the layer by layer deposition via the 

DED process (reproduced from [21, 179]). 

 

2.5.5.3 Grain morphology 

 

The grain morphology within metal AM parts has been shown to depend on the process 

parameters and materials [111, 181, 182]. Studies on SEBM-built IN718 has shown that site-

specific control of the grain morphology by varying the processing parameters (e.g. line offset, 

speed function) was possible with metal AM [111, 182]. Heterogeneity in grain morphology 

was also observed in SEBM-built CoCr parts, due to recrystallization caused by the high build 

temperature [178]. 
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2.5.5.4 Microstructural feature 

 

Several studies have shown that the microstructure of AM Ti-6Al-4V tended to become 

is finer at the top region as compared to the bottom [29, 183, 184]. The microstructural scale 

is known to decrease with increasing cooling rate [185]. At the very top region of the metal 

AM parts, the fine microstructure is likely due to the high cooling rate induced by heat loss of 

convection and radiation and the lack of remelting and thermal cycling that prior layers 

experienced [179]. A study has also shown that it is possible to induce refinement of 

microstructure through the use of in-situ printed heat sinks in SEBM of Ti-6Al-4V [186]. 

 

2.5.5.5 Processing deficiency 

 

AM processing defects have been reported to contribute to anisotropy in mechanical 

properties of metal AM parts such as fracture toughness and tensile strength [9, 151]. 

Additionally, there have also been studies reported that such defects were not homogenously 

distributed within the build as shown in Figure 2.32 (a) [9, 28]. Powder bed fusion processes 

like the EBM often utilise gas-atomised metallic powder as the raw material for processing due 

to their high sphericity. Such gas-atomised powder often contains trapped gas porosity within 

them due to the method of fabrication. A study has also shown that trapped gas porosity defect 

decreased with decreasing speed function parameter of EBM, possibly by allowing more time 

for the trapped gas to escape from the slowly moved melt pool [187].  
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Figure 2.32 Heterogeneous microstructure in SEBM-built Ti-6Al-4V: (a) 

Illustration of location dependent fracture toughness in SEBM-built Ti-6Al-4V. (b) 

Variation in microstructure and (c) defect distribution along the SEBM-built Ti-

6Al-4V [9]. 

 

A study on a SL process reported that defect distribution within the aluminum alloy 

sample was not homogenous [14]. A point to note from the study was that region where cracks 

originate, did not correspond to the location of voids. Instead, it attributed the mechanism of 

the formation of the cracks to the strain localization caused by the high strain rate deformation 

induced from the rotating sonotrode that was used to fuse the metal sheets together [14]. 
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2.5.5.6 Heterogeneous recrystallization 

 

Post heat treatment is a common method to homogenize the microstructure of the as-

deposited metal AM part [151, 188]. A study has reported that partial recrystallization in heat 

treated SLM-built IN718 resulted in a heterogeneous grain structure [189]. It was suggested 

that heterogeneous residual stresses within the metal AM parts may account for such partial 

recrystallization [17]. It is also reported by another study that residual thermal stresses are a 

driving force for recrystallization in SLM-fabricated iron parts [190]. Another study by Brandl 

and Gretemeier reported that they were unable to induce recrystallization in DED-built Ti-6Al-

4V after post heat treatment [191]. They were however able to obtained homogeneous coarse 

grains (~500 - 3000 µm in size) instead. A study based on SLM-fabricated iron parts reported 

that a columnar to fin equiaxed grain transformation occur after vacuum annealing treatment 

[190]. 

As such post-processing procedures for metal AM parts may have to take into account 

of both the materials and manufacturing techniques. A study reported that while the possibility 

of recrystallization may be dependent on the amount of residual stresses/stored energy in the 

as-fabricated material, material specific properties such as the fast diffusivity of atoms in 

titanium alloys may reduce the effect of defects which contributes to the stored energy within 

a material [192]. This may lead to grain growth in titanium material instead of recrystallization 

as seen in the study by Brandl and Gretemeier. 

 Lastly, recent study by Yang et al. also reported that there exist coarse recrystallized 

grains surrounding partially melted inclusions and/or along the interpass boundaries in LENS-

built 316L SS. In such interpass boundaries, the study also reported the present of 

porosity/gross interpass defects. Such defects may provide sufficient stored energy for 

recrystallization of the microstructure to occur. Studies regarding the heterogeneous 

recrystallization is also an ongoing research and there exists not many literature is available at 
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the point of writing. Additionally, it is worth while to note that residual stresses in the parts 

were not considered as literature [193, 194] indicate that there was minimal residual stress 

found in SEBM-built parts due to the high operating temperature (e.g. 600 OC) which acts as a 

stress relieving process over the long duration of a typical build (e.g. >12 hours) and the 

subsequent slow cooling (e.g. ~7 hours). 

 

2.5.6 Heterogeneity in mechanical properties 

 

2.5.6.1 Tensile properties 

 

Table 2.8 lists the differences in tensile strength along the build direction of the AM Ti-

6Al-4V by various studies [10, 11]. Higher tensile properties were reported in the lower half 

of the block samples as compared to the upper half, which was attributed to oxygen 

strengthening and finer microstructure [10, 11]. The study by Carrol at al. reported that there 

was an increased of 0.0124 wt. % oxygen in the upper half of the build part. Oxygen is an 

interstitial element in titanium alloy that strengthens and stabilised the α phase. The tensile 

strength of Ti-6Al-4V parts typically increases with increasing oxygen content and finer 

microstructure [161, 195]. The study by Carrol et al. also concluded that the in addition to 

dependence on oxygen, the location dependence of the tensile properties is also due to the 

variance in thermal history as a function of build height. There existed finer microstructure at 

the bottom due to the water cooled base plate as compared to coarser microstructure away from 

the base plate. The correlation between the microstructure size with the yield and tensile 

strength in Ti-6Al-4V has also been known by prior literature [196]. 

The difference in size of the α+β microstructure was also the conclusion from Wang et 

al. with regards to the difference in tensile properties in their big-sized Ti-6Al-4V sample 

fabricated using the SEBM process.  It is also worth while to note that there existed not many 



70 

 

studies that focused on such location dependent mechanical properties of AM parts, possibly 

due to the costly nature of destructive testing experiments. 

 

Table 2.8  Summary of tensile properties of various metal AM parts (sample size, n  = 4-5) 

Material Condition Process Position Yield Strength 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Elongation 

(%) 

Ref. 

Ti-6Al-4V Machined DED Ti-6Al-4V Upper half 945 ± 13 1041 ± 12 14.5 ± 1.2 [10] 

   
Lower half 970 ± 17 1087 ± 8 13.6 ± 0.5 

 

Ti-6Al-4V Machined EBM Ti-6Al-4V Upper half ~850 ~910 19.5 [11] 

   
Lower half ~920 ~990 17 

 

 

2.5.6.2 Hardness 

 

Hardness testing is an effective method to characterize the localized mechanical 

strength of metal AM parts. Table 2.9 summarised the hardness properties of various AM metal 

alloys. A study had been carried out to investigate the effect of cross-sectional area on hardness 

values [134]. The study reported that the effect of part size on the microhardness was 

insignificant [134]. The study reported that the cause may have been due to the insufficient 

thermal isolation between the different samples. Other studies reported otherwise, such studies 

showed that with increasing cross-sectional area, the microhardness was decreased due to 

microstructural coarsening [92, 197]. Studies have also been conducted on the effect of built 

height on the hardness [45, 134]. However, such studies showed conflicting results. For 

example, a study by Hrabe et al. reported no significant differences in Vickers microhardness 

values up to 25 mm from the substrate. 
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Table 2.9  Summary of hardness properties of various metal AM parts. 

Material Process Microhardness (Hv) Distance Measured 

from the substrate 

(mm) 

Ref. 

Ti-6Al-4V Arcam S400 ~360 - 460 ~68 [29] 

Ti-6Al-4V Arcam S2 347 - 352 22 [134] 

Ti-6Al-4V Arcam A2X 343 - 362 40 [45] 

 

Wang et al. systematically examined the microhardness within an impeller component 

[45]. The study reported that microhardness value increased with increasing build height. It 

must be noted that the part in Wang et al. work had a decreasing cross-sectional area with 

increasing build height. The difference in cross-sectional area may contribute to that result. 

Many studies have thus concluded that heterogeneity in hardness values was dependent 

on the thermal input experience by the specific layer. A larger cross-sectional area would lead 

to a higher thermal input as compared to a smaller cross-sectional area, resulting in different 

final microstructures. Future improvement on varying the process parameters with regards to 

the cross-sectional area could help alleviate such heterogeneity in hardness. 

2.5.6.3 Fracture toughness 

 

Location dependence in fracture toughness has been observed in SEBM-built Ti-6Al-

4V due to the heterogeneity in the microstructure and defect distribution [9]. A related study 

also performed HIP process to investigate its effect on the heterogeneity in fracture toughness 

[143]. However, the measured fracture toughness was found to be lesser due to coarsening of 

the microstructure after the HIP process and the heterogeneity observed was not eliminated.  

In summary, it can be deduced that anisotropy and heterogeneity in the mechanical properties 

of metal AM parts are due to the anisotropic and heterogeneous microstructure and material 

properties. Despite the anisotropy and heterogeneity in the mechanical properties, it can be 
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concluded that the mechanical properties of post-processed metal AM parts are equivalent or 

better as compared to their cast equivalent. Further improvement regarding the optimization of 

heat treatment process parameters is highly demanded to produce end-use parts with fine 

microstructure in order to approach the static and dynamic mechanical properties of their 

wrought equivalent. 

 

2.5.7 Modelling on anisotropy and heterogeneity in metal AM parts 

 

Numerical modeling of the thermal conditions of AM processes allows a better 

understanding of the anisotropic and heterogeneous microstructure which determines the final 

mechanical properties. An early study has developed a thermo-kinetic model of multilayer 

laser-based powder deposition, coupled FE heat transfer calculations, phase transformation 

data, and microstructure-property relationships, showing the increase in Vickers hardness with 

increasing build height and with minimizing substrate size [198]. Numerical modeling has also 

been used to simulate beam power-velocity (P-V) process maps as shown in Figure 2.33. The 

P-V process map in Figure 2.33 (a and b) was plotted based on the electron beam wire feed 

AM process and the L/d refers to the length to depth ratio of the melt pool.  
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Figure 2.33  Simulated process maps for microstructural control; (a,b) Simulated 

Beam Power–Velocity process map for microstructure and melt pool dimension 

control of a single bead deposit of electron beam wire-fed AM Ti-6Al-4V [199] 

 

Other studies have also developed heat transfer and microstructural evolution equations 

for SEBM Ti-6Al-4V showing that the heat transfer arising from the selective melting was 

sufficient to induce microstructure evolution through several layers below. Figure 2.34 Shows 

the evolution of volume fraction of α phase due to the variations in the temperature field within 

the metal AM part [200]. The β phase is indicated as blue and the α phase is indicated as orange. 

It provided support to experimental works regarding the phase constitution and microstructural 

coarsening [179, 200]. 
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Figure 2.34   Simulation of a moving energy source and the evolution of the α phase 

in Ti-6Al-4V; Evolution of the (a) temperature field and (b) volume fraction of α 

phase after deposition of 4 layers of powder [200]. The β phase is indicated as blue 

and α phase is indicated as orange. 

 

A recent study has also developed a model that was capable of calculating fraction, 

morphology and size of phases, with a measured or modeled thermal history in AM Ti-6Al-4V 

[201]. With the more research focusing on modeling metal AM processes, a better 

understanding of the interrelationship between process-microstructure-mechanical properties 

can be achieved. 

Evolution of the volume fraction of α phase 

Evolution of the temperature 

field 

(a) 

(b) 
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2.5.8 Summary 

  
Metal AM in a competitive manufacturing process to conventional manufacturing 

process such as machining and casting with regards to the fabrication of components with 

complex geometries out of hard to process materials (e.g. titanium alloys). Metal AM processes 

could be broadly categorized into powder-bed fusion (PBF), directed energy deposition (DED) 

and sheet lamination (SL). During the layer-by-layer fabrication, the metallic part was 

subjected to processing variables such as deposition rate, beam power, build environment and 

processing temperature which have an influence towards its final microstructure and 

mechanical properties. In general, despite the reported anisotropy and heterogeneity in 

literature, the quasi-static mechanical properties (e.g. tensile strength and hardness) of metal 

AM parts often could meet the minimum requirements in comparison with cast and wrought 

equivalents. However, post processing of metal AM parts must be implemented to obtain 

comparable dynamic mechanical properties (e.g. fatigue properties) as conventionally 

produced parts. Such post processing techniques are currently a costly means to control the 

anisotropic and heterogeneous microstructure within metal AM parts. 

It can be deduced via the published datum summarized in this chapter, that the causes 

of the anisotropic and heterogeneous microstructure and mechanical properties of metal AM 

parts were due to several influencing factors. The influencing factors for the anisotropy and 

heterogeneity in the microstructures include: (1) grain morphology; (2) crystallographic 

texture; (3) lack-of-fusion defects; (4) phase transformation; (5) heterogeneous 

recrystallization; (6) layer banding and (7) microstructural coarsening. These factors were 

systematically discussed in terms of the SEBM processing parameters within the metal AM 

process. Given the current state-of-the-art in metal AM, it is difficult to vary the processing 

variables in-situ with respect to a part’s geometry and size so as to control its microstructure. 
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However, with continued development in this technology, it is likely that better control over 

the processing variables during the fabrication process can be achieved.  

Additionally, literature have also shown that microstructural modification of AM 

metallic materials can be achieved via the use of a roller mechanism that applied a load after 

each deposited layer or through the use of in-situ printed heat sink [180, 186]. Traditionally, 

adjusting the build orientation and specifying a minimum cross-sectional thickness were ways 

to reduce the effects of the anisotropy and heterogeneity in material properties. Moreover, it 

was widely shown in Table 2.5 that horizontally orientated AM parts typically had a higher 

tensile mechanical strength (UTS and elongation%) as compared to vertically orientated ones. 

As such if the build part is horizontally orientated along the load direction and the fine 

geometrical features are scaled up to increase mechanical strength, the anisotropy and 

heterogeneity might be effectively minimized or even eliminated.  

2.6 Detailed research scope and roadmap 
 

The detailed literature review has shown that the increase in research interest with 

regards to metal AM technologies in the last 5 years has led to the significant advancement of 

the technology. Metal AM technologies such as SLM and SEBM are now capable of fabricating 

fully functional metallic parts directly. Among the two technologies, SEBM shows greater 

promise as a metal AM technology that can deliver parts with superior as-built properties.  

To characterise the microstructure and mechanical properties of AM Ti-6Al-4V, below 

is the research scope: 

1. The identification of the phase constitution in the microstructure of the as-built SEBM 

Ti-6Al-4V alloy via phase characterisation techniques. This is to understand the phase 

evolution in SEBM Ti-6Al-4V alloy and its relationship to the thermal phenomena 

experienced during the SEBM process. 
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2. The study of the effects of build geometry (thickness, shape and height) on the 

microstructures and mechanical properties of the as-built SEBM Ti-6Al-4V alloy. This 

help to understand the heterogeneous microstructure and mechanical properties of as-

built SEBM Ti-6Al-4V alloy. This will be studied via experimental and computational 

approaches. 

3. The study of the grain selection and competition mechanism that governs the columnar 

grain growth in the as-built SEBM Ti-6Al-4V alloy. This help to further the 

understanding of the anisotropic microstructure that exists in SEBM-built Ti-6Al-4V. 

This will be studied via experimental and computational approaches. 

The objectives and scope mentioned above is developed into a research road map as shown in 

Figure 2.35. The road map outlines the steps taken to achieve the objective of this Ph.D. study, 

which is to develop an in-depth understanding on the microstructure and mechanical properties 

of as-built SEBM Ti-6Al-4V. Firstly, a literature review of metal AM and Ti-6Al-4V have to 

be done to identify the research direction for the study. Based on the literature review, the 

author proposed to look at the microstructure and mechanical properties of as-built SEBM Ti-

6Al-4V from the perspective of its inconsistency. As such the author first planned to understand 

the phase transformation that happens in the material during the SEBM process. Next the author 

planned to understand the microstructure transformation and macrostructure growth during the 

SEBM process. It is deemed that the scope of the study would provide sufficient depth to 

achieve a good understanding of the microstructure and mechanical properties of as-built 

SEBM Ti-6Al-4V from the perspective of its inconsistency. 
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Figure 2.35  Research Road Map 
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 Chapter 3: Materials and Experimental Procedures 
 

 

Based on the research road map planned, a series of experiments were planned to satisfy 

the objectives of the thesis to understand the microstructure and the mechanical properties of 

EBM-built Ti-6Al-4V alloy. This chapter thus describes the materials, experimental procedures 

and characterization techniques in this study. It also describes the machine setup and the 

experimental parameters used in the SEBM AM system. Various characterization techniques 

used to analyse the sample are described and explained. The numerical simulation methodology 

is also described briefly.  

 

3.1 Ti-6Al-4V powder 
 

Ti-6Al-4V ELI (Grade 23) powder (Batch No. 877) supplied by Arcam AB was used 

for fabricating the samples. The powder size distribution ranges from 45 to 106 μm. The larger 

particles size ensures safer handling of the powder. The nominal chemical compositions of the 

material is shown in Table 3.1. Recycling of non-melted and/or sintered powder was achieved 

via the powder recovery system (PRS) and a vibrating sieve (mesh size ≤ 150 μm). All powder 

involved in the fabrication of SEBM builds (both in the build tank and on the powder table) 

was first passed through the PRS in which Ti-6Al-4V powder was used as a blasting medium, 

to break up sintered blocks of powder collected from the previous build under a pressure of 

approximately 6 bar. Powder recovered from the PRS was sifted by using the vibrating sieve 

before being mixed with any powder remaining in the two powder hoppers or new powder. 

Figure 3.1 shows the spherical geometry of the powder used after several jobs. This indicates 

that the recycled powder still maintains its spherical form after the PRS despite being partially 

sintered during the process. 
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Table 3.1  Chemical compositions of Ti-6Al-4V powder from supplier (wt.%). 

Elements Arcam Ti6Al4V ELI ASTM F136 Ti6Al4V ELI 

 Wt.% At.% Wt.% At.% 

Aluminium, Al 6.0 10.2 5.5 - 6.5 10.1 

Vanadium, V 4.0 3.6 3.5 - 4.5 3.6 

Carbon, C 0.03 0.1 <0.08 <0.3 

Iron, Fe 0.1 0.28 <0.25 <0.2 

Oxygen, O 0.1 0.03 <0.13 <0.36 

Nitrogen, N 0.01 0.03 <0.05 <0.16 

Hydrogen, H 0.003 0.14 <0.012 <0.54 

Titanium, Ti Balance Balance Balance Balance 

 

 

Figure 3.1  SEM Image of Ti-6Al-4V ELI (Grade 23) powder purchased from 

Arcam AB. 

 

3.2 Electron beam melting (EBM) processing parameters 

All the parts and samples produced for evaluation were built using an Arcam A2XX 

(Arcam AB, Sweden) SEBM machine. The Arcam A2XX is the largest SEBM machine 

available currently (Arcam AB). It offers a build envelope of Ø 420  380 mm3. It consists of 

two main cabinets, i.e. the electrical control cabinet and the vacuum chamber cabinet. Figure 
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3.2 illustrates a simple schematic view of the SEBM system. The electron beam is generated 

within an electron gun via a tungsten filament. The filament is heated to above 2000 oC by the 

filament current, which allows the electrons escape freely from it (Arcam AB). The emitted 

electrons are accelerated in an electrical field, obtained by applying a high voltage of ~60 kV 

between the filament and the anode, and then focused by means of an electromagnetic coil 

(focusing coil). The focused electron beam is selectively scanned over the powder bed with a 

layer-by-layer process directed by an SEBM Control 3.2 software. 

  

Figure 3.2  (a) Schematic image of the A2XX SEBM machine 
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There are three softwares used for creating and running builds on the EBM machine, 

namely, Magics, Build Assembler and EBM control as shown in Figure 3.3. The detailed 

workflow for generating a build via these three softwares will be discussed in this section. 

Moreover, three build themes were involved in this work, i.e. Ti6Al4V-PreHeat-50um, 

Ti6Al4V-Wafer-50um and Ti6Al4V-melt-50um. These process settings were identified by 

Arcam AB to achieve optimal building results.  

 

 

Figure 3.3  Workflow of file preparation for a typical SEBM print job; (a) STL file 

exported from Magics software. (b) ABF file showing the sliced structures after 

SEBM Build Assembler software. (c) Simulation results by SEBM Build Control 

3.2 software. 

 

Contour melting and in-fill hatching melting are included in the melt theme. Contour 

melting consists of two steps: outer contouring and the subsequent inner contouring. In 

particular, outer contouring should be more important because it may determine the properties 

of thin parts. Here, a beam melting current of 4 and 10 mA, a focus offset of 0.29 and 0.25 mA, 

and a beam speed of 340 and 800 mm/s were used for outer and inner contouring, respectively. 

In addition, a current of 15 mA, a focus offset of 3 mA and a beam speed of 4530 mm/s were 

used for hatching. A 10 mm-thick stainless steel start plate could begin heating by the electron 

beam when a pressure of ~5 × 10-4 mBar (0.05 Pa) within the build chamber is achieved. Once 

a bottom temperature of 730 oC is reached, parts are built directly onto the preheated start plate 

(a) (b) (c) 
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by selectively melting layers of 50 μm under a controlled vacuum in the temperature range of 

600-750 oC. The entire building process was kept under vacuum at ~2e-3 mBar, controlled by 

using high-purity helium as regulating gas in order to prevent powder charging. The build 

temperature was reported as what was observed via the data collected from the build jobs. It is 

noteworthy to note that the differences in the build preheat temperature could produce different 

thermal profiles and thereby lead to different results. 

 

3.3 Electrical discharge machining (EDM) 

  
As-built specimens were cut into smaller samples to get to the required size with an 

EDM CNC wire cutting machine (TROOP economical model, TP-25). The EDM was used due 

to its ability to cut geometries such as tensile coupon from a block of titanium alloy with little 

damage to the sample. The EDM has a wire diameter of 0.2 mm and a cutting precision of ±10 

microns. 

 

3.4 Sample preparation 

 

Samples for the metallographic and mechanical strength analysis were fabricated on the 

Arcam A2XX EBM machine based on the methodology described in the section 3.2. The 

following section describes the samples used in this study. In total there are three different sets 

of samples, namely the individual thickness-dependent samples (Figure. 3.4), joint thickness 

dependent samples (Figure. 3.5) and lastly the built height and geometry dependent samples 

(Figure 3.6 and 3.7 respectively). 

Figure 3.4 shows four block samples with varying thicknesses of 1 mm, 5 mm, 10 mm 

and 20 mm that were fabricated. They were termed 1mm, 5mm, 10mm, and 20mm samples, 

respectively. The length and height of the samples are 100 mm and 30 mm respectively.  
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The samples were fabricated to investigate the microstructure and mechanical properties with 

varying built thicknesses. Additionally, industrial components often consist of geometries of 

varying thickness as well. The spacing between each sample was 5 mm to minimise the effect 

of thermal field from the other sample. 

 

Figure 3.4  Schematic of the SEBM-built samples with varying thicknesses of 1, 5, 

10 and 20 mm. Spacing between samples are 5 mm apart to reduce thermal 

interaction between samples. 

 

Figure 3.5 shows the straight-finned part and the curved-finned part samples. The built 

height of these two parts is ~30 mm. Each part has fin structure with thickness of 1 mm, 5 mm, 

10 mm and 20 mm respectively. Figure 3.5 (b) shows a schematic of the built layout and the 

measurement points that are taken at the same height. The measurement points are located 

along the fin structure with position 1 (S1) at the intersection between the bulk (i.e. main body) 

and the fin structure, and position 4 (S4) being the furthest away from the bulk section. The 

measurement points were chosen to investigate the microstructure and mechanical properties 

at various location of the different fin structure geometry. The fin structure was also designed 
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to investigate whether a curved finned geometry would have a different effect as compared to 

the straight plate geometry in Figure 3.4. 

 

Figure 3.5 Schematic of the samples used to investigate the effect of build 

geometry; (a) Schematic of the straight-finned and curved-finned part with varying 

fin thicknesses of 1mm, 5mm, 10mm, 20 mm (b) Schematic showing the various 

location in which the microstructure observation and Vickers microhardness 

measurements were conducted. The spacing between the straight-finned part is 5 

mm while in the curved-finned part the minimum spacing between each fin feature 

is 5 mm.  

 

Figure 3.6 shows two horizontal blocks (100 mm × 10 mm × 30 mm) that were 

fabricated. Four tensile test pieces were wire-cut one-by-one from a horizontal block. They are 

designated as 10 mm-1, 10 mm-2, 10 mm-3 and 10 mm-4 from bottom to top (as illustrated in 

Figure 3.6). The samples were fabricated to investigate the microstructure and mechanical 

properties with build height. The dimensions of the block was designed so that tensile samples 

that follows the ASTM E8 standard can be fabricated from them.  
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S-S3 

S-S4 

C-S1 
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(a) (b) 
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Figure 3.6  Schematic of the samples used to investigate the effect of build height. (a) 

Schematic illustration of the horizontal Ti-6Al-4V ELI block (100 mm x 10 mm x 30 

mm) built by SEBM. (b) Machinery of the block into standard tensile test pieces. (c) 

Layout of the four tensile test pieces. The build direction is indicated by an arrow. 

 

 

Lastly, Figure 3.7 shows the build-geometry dependent samples (I-shaped, A-shaped, 

and V-shaped) with a height of 100 mm that were fabricated to investigate the columnar grain 

growth phenomenon in the Ti-6Al-4V alloy. The different geometries were also designed to 

investigate whether a changing cross-sectional area can influence the as-built columnar grain 

microstructure or microstructural features (e.g. β-interspace). The A-shaped sample has a 

decreasing cross-sectional area with the build height while the V-shaped sample has an 

increasing cross-sectional area with the built height. The I-shaped sample has a constant cross-

sectional area with build height. 
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Figure 3.7  Schematic of the samples used to investigate the columnar grain growth 

and how it was wire cut into the individual samples. The block sample has a width 

of 20 mm, thickness of 10 mm and 100 mm of height. The wedge samples have one 

of its end tapered to an edge. The samples were cut into five positions designated 

S1, S2, S3, S4 and S5. The samples are indicated with the letter A, I and V in front 

for easy identification between the different geometries. Thin slice was obtained 

from the various positions for XRD analysis. The samples had a spacing of 5 mm 

between them to reduce the thermal interaction between samples. 

 

3.5 Metallographic Analysis 

 

Metallographic analysis of the samples was observed via various techniques. They are 

the optical microscopy (OM; ZEISS Axioskop 2 MAT), scanning electron microscopy (SEM; 

JEOL JMS-6700F), X-ray diffraction (XRD; PANalytical Empyrean) , transmission electron 

microscopy (TEM; JEOL-2010) and Atom Probe Tomography (Atom probe LEAP 3000X HR) 

were used to examine the microstructure of as-built Ti-6Al-4V. Data analysis was performed 

using IVAS 3.6.2 software.  
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3.5.1 Stereo and light optical microscopy (LOM) 

 

Olympus SZX7 stereo microscope (Magnification Range: 10x - 50x) and ZEISS 

Axioskop 2 MAT optical microscope (Magnification Range: 50x - 500x) were used to provide 

microstructure characterization of the specimen and to measure properties such as porosity size 

distribution of samples. Each sample section was first hot mounted and then polished using 

Struers Tegramin-25 with the following process, 3 minutes Si-C 320# paper, 10 minutes largo 

with Dia Pro 9 and lastly MD Chem with OP-S for 4 minutes as recommended by the 

manufacturer. After which the section was etched with Kroll's Reagent (1 - 3% HF, 2 - 6% 

HNO3, and 91 - 97% H2O) for 5-10 secs. OM and quantitative image analysis was carried out 

by using Image J software. 

 

Grain width and grain growth angle measurements  

 

There are a few microstructural features that were investigated in this thesis. They are 

the prior β grain size and β rod interspace, which were sorted in a descending order in terms of 

their length scale. The α/β colony size is difficult to quantify, as its microstructure is composed 

of irregular mixture of colony and basket-weave structures due to the extremely high cooling 

rate. As such the microstructural features that was investigated were the β grain size and β rod 

interspace. Quantitative measurement of the α-phase grain boundary was not done in this study. 

Columnar grain width measurements were carried out by using Image J software. The 

columnar grain width was measured individually from micrograph images with a magnification 

of 200x. At least 60 columnar grain width measurements were performed for each sample and 

the averages are presented in the results. Columnar grain widths of greater than 100 µm were 

excluded from the data as they caused large deviations in the results. It was also difficult to 

accurately distinguish the columnar grain boundaries at lower magnifications if larger 

columnar grains were to be measured. The grain growth angle was also measured by measuring 
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the angle that the grain makes with respect to the build direction. An illustration showing how 

the measurements were taken is shown in Figure 3.8. 

 

 

Figure 3.8   Illustration showing how the columnar grain width and grain growth 

angle measurements were taken. (a) Stereomicrograph of the SEBM Ti-6Al-4V 

microstructure. (b) OM of the SEBM Ti-6Al-4V microstructure. 

 

3.5.2 Scanning Electron Microscopy (SEM) 

  

Scanning Electron Microscopy (JEOL JMS-6700F) was used to provide a more precise 

study of the microstructure of the specimen and to measure properties such as the columnar 

grain width, rough approximation of the different phase and each individual β-interspace more 

precisely as compared to optical microscopy (Magnification Range: 1000x - 5000x). 

Specimens were prepared with a similar process as specimens for OM observation. However, 

an additional step in the gold/platinum sputtering of specimens for the duration of ~40 s, was 

carried out to provide better electrical conduction of specimens so that the specimen does not 

experience charging in the scanning electron microscope process. An accelerating voltage of 

20 kV with a working distance of 15 - 22 mm was used. The system was equipped with a EDX 

unit which allowed the detection of elements within the scanned image when necessary. 

 

  

(a) 

Grain growth angle 

(b) 

Columnar 

grain width 
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3.5.2.1 β-interspace measurements 
 

The β-interspace was measured manually by measuring the linear distance between two 

β-rods as shown in Figure 3.9. Freeware image analysis software, Image J, was used to measure 

the distance between the β-rods. The micrographs used for measurements have a magnification 

of either 5000x or 10000x so that measuring error can be minimized.  

 

              

Figure 3.9 SEM micrographs of SEBM Ti-6Al-4V's α/β duplex microstructure for 

(a) 1mm thick specimen and (b) 10 mm thick specimen with labels indicating how 

the β-interspace is being defined 

 

3.5.3 Transmission Electron Microscopy (TEM) 

 

 Transmission Electron Microscopy (JEOL-2010) provides further information of the 

microstructure of the specimen and the crystal structure of the specimen by the use of the 

diffraction patterns to correlate with the TEM images. For our experiments, a double tilt 

specimen holder was used to allow for a better imaging of the specimen. (Magnification Range: 

8000x - 50000x). The JEOL-2010 also has Energy-dispersive X-ray spectroscopy capability. 

This was used to identify the at.% of elements found in the specimen. Specimens were prepared 

firstly by EDM wire cutting into a thin strip with a thickness of less than 3 mm and then ground 

manually to around 150 µm using silicon carbide paper. To avoid heat-induced artifacts, the 

grinding process was conducted under a constant stream of water. Further grinding down till 

the thin strip are 50 µms and then the small circular test specimens were punched out and ball 

(a) (b) 

β-interspace β-interspace 
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milled till the specimen was within 10 µm. The test specimens then undergo ion milling till 

small holes were seen in the test specimens. To avoid stress-induced artifacts, a low current 

(~10 - 14 mA) was used for the ion milling process. 

3.5.4 X-Ray diffraction (XRD) 

 

Diffraction of X-rays is a versatile method to study the crystal structure of materials. 

The diffraction of X-rays was used to assess the composition of the different phases and 

crystallographic orientation and texture in the titanium samples. This is possible due to each 

crystal phase having its own unique set of diffracted intensities. X-ray diffraction (XRD) 

analysis was done using a Cu Kα source over the 2ϴ range of 30o to 90o with a step size of 

0.013°). The measurements were done using the PANalytical Empyrean system with an applied 

voltage and current 40 kV, 40 mA, respectively. The raw data were then processed using the 

HighScore software and Mtex’s plugins for Matlab to generate the peak figures and pole 

figures, respectively.  

 

3.5.4.1 Phase Crystal Analysis 

 

XRD peaks were used to examine the phase constitution within the SEBM-built 

samples. The raw data for the phase analysis were obtained by performing a phase analysis 

scanned. The raw data were then corrected for background noise and smoothed to further 

reduce the noise within the data. 

 

3.5.4.2 Texture Analysis 

 

Pole figures have been used to present the texture of the room temperature α phase 

within the titanium samples. The raw data of the texture analysis that was produced from 

performing a texture scanned was processed using the Mtex (version: 4.4 beta ) plugin for 

Matlab.  
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The following codes were used to obtain the processed pole figures. 

plot(pf) 

odf = calcODF(pf,'silent') 

plotPDF(odf,pf.h) 

plotIPDF(odf,[xvector,yvector,zvector],'antipodal') 

 

3.5.5 Atom Probe Tomography 

 

APT specimens were prepared by focused ion beam (FIB) on a FEI Helios dual-beam 

via the lift-out technique, and the micro-tips were prepared using the annular milling method to 

obtain an end radius of ~50 nm. The APT specimens were taken from the block samples at 

Figure 3.6. APT specimens were analyzed at 40 K and a gauge pressure <2e-11 Torr. Pulses of 

green laser light (532 nm wavelength) were applied at a 200 kHz repetition rate with an energy 

of 0.9 nJ pulse−1, yielding an evaporation rate of 0.30%. The APT data were analysed using 

IVAS® 3.6.6 software and the compositional information was obtained by employing the 

proximity histogram (proxigram) methodology. Errors bars were plotted in each compositional 

profile. The error bars were calculated using 𝐸𝑟𝑟𝑜𝑟% = ±√𝐶 ∗ (100 − 𝐶)/𝑁, where C is the 

composition value in at.% and N is the number of atoms in the distance step over which these 

values were being averaged. 

3.6 Mechanical Testing 

3.6.1 Tensile Testing 

 

Tensile tests were carried out using the Instron Static Tester Series 5569 tensile tester. 

The specimens have a rectangular cross section, with a gauge dimension of 25 mm × 6 mm × 

6 mm according to the ATM E8 sub-sized standard. Specimens were fabricated from block 

samples using an EDM machine. A strain rate of 3.33e-4 s-1 was used during the test. An 

extensometer has been applied for the elongation measurements.  The load cell used was rated 

to 50 kN. 
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3.6.2 Vickers Microhardness indentation 

 

Vicker's microhardness tests were carried out on the samples using a Future Tech FM-

300e micro hardness tester. A load of 1 kg and a 15s dwell time were adopted. Hardness test is 

a suitable mechanical test for our experiment since it allows us to quantify the mechanical 

properties for samples with different microstructure easily. 

3.6.3 Porosity measurement 

 

The density of the titanium alloy samples has been determined by means of the 

Archimedes principle and image analysis. The density of the samples was calculated using 

Equation 3.2. The density measurements have been performed using a weight balance. The 

density of the titanium alloy sample can also be approximated via image analysis using the 

Image J software. A threshold procedure is used to differentiate the pores from the background 

prior to performing the measurement of the area fraction of the pore in the image. The area 

fraction of the pores is then taken as the approximate porosity within the titanium sample. An 

illustration showing the thresholding procedure used is shown in Figure 3.10. 

 

     
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑
=

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑎𝑖𝑟

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑎𝑖𝑟−𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
    Eqn. 3.2  

 

                

Figure 3.10  An example showing the thresholding procedure used to distinguish 

the pores from the background using the Image J software. The area fraction of the 

black region (pores) can then be measured by the software. 
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3.7 Numerical modelling of SEBM process 
 

3.7.1 Macro-scale modelling of moving energy source 

 

For the first model, a two-dimensional mesh with a dimension of 2.5 mm × 500 μm was 

built with quadrilateral elements with an element size of 25 µm × 25 µm. The electron beam 

was modelled as a moving Gaussian heat source, where the peculiar absorption profile of an 

electron beam was considered. Beam absorption depth was set to be 28 mm [202], beam voltage 

60 kV, beam current 10 mA, and spot size 200 µm, according to the working parameters of 

Arcam EBM machine [203]. Heat loss was considered from the top surface in terms of 

radiation, where the emissivity of Ti-6Al-4V was set at 0.35 [204]. No heat convection was 

included because the process occurs in vacuum. The other boundaries of the mesh were kept at 

a fixed temperature of 650 oC. The temperature was also set to be 650 oC to reproduce the 

average temperature in actual SEBM building. The change in different phases (powder, melt, 

solid) during melting and solidification was considered following the approach developed 

earlier [205], where the thermal properties were dependent on the phase and they were taken 

from Ref. [206]. During the simulation, temperature distributions in the model were generated 

and temperature-time curves at selected locations were recorded. Figure 3.11 (a) and (b) shows 

typical temperature profiles as the beam travelled from right to left. It is worth noting that 

Multispot contours were employed in the A2XX EBM machine. Due to the small mesh 

dimensions used for the first model, the so-called “dummy sweep” with a speed of 140 m/s 

was used for small contour lengths that would be suitable for the model. 
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Figure 3.11 (a) and (b) Temperature distribution obtained from the in-fill hatch 

melting and contour melting scan parameters, respectively. 

 

 

For the second model, calculations were designed in three-dimensions by reproducing 

the real dimensions of samples and embedding them into powder material, as shown in Figure. 

3.12. Here, since the samples were simulated in real scale, the precise modelling of the beam 

becomes computationally intractable because it would require too many mesh elements. 

Therefore, it is necessary to model the SEBM process in an equivalent way. As the scanning 

speed of electron beam is ~ 4.5 m/s, the in-fill hatching takes seconds to complete the scan of 

one layer. Therefore, scanning along the direction perpendicular to in-fill hatching can be 

assumed to be instantaneous compared to that along the hatching direction. Using a scanning 

speed of 4.5 m/s, the effective beam speed along the hatching direction was estimated as 14 

mm/s, 7 mm/s and 3.5 mm/s for the  5mm, 10 mm, and 20 mm samples, respectively. This 

estimate was computed considering that the build time for each sample is directly proportional 

to its cross-section area and that the total build time was ~50 seconds per layer. In this way, 

scan times of 7.1, 14.3, and 28.6 seconds were obtained for the 5 mm, 10 mm, and 20 mm 

samples respectively, while it was only 1.5 ms for the 1mm sample because of its fast scanning 

speed.   

The effective beam heat profile is shown in Figure 3.12 (c) and (d) for the 20 mm 

sample during scanning and cooling, respectively, where the beam size was taken of the order 

of the melt pool (2 mm) and the intensity was tuned such that the surface temperature was 
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~2400 °C [204]. Special attention was devoted to the simulation of the 1 mm sample (Figure 

3.12 a and b), because it consisted of pure contour melt scan. For this case, the beam speed was 

set to 140 m/s and beam scan was simulated in two passes, in accordance with the real SEBM 

build, with an effective beam size of 4 mm, which is comparable to the length of the melt pool. 

In each of the four cases, a cooling step was modelled after the scan, where the cooling time 

was set to reproduce the actual time that the beam spends to scan the other samples.  

For example, the cooling time of the 20 mm sample was equal to (7.1 + 14.3) seconds, 

i.e., the time that the beam took to scan the 5 mm and 10 mm samples, where the scan time for 

the 1mm sample was neglected because it is very short compared to the scan time of the other 

samples. In each simulation, the bulk material was embedded into a sufficient volume of 

powder material (Figure 3.12 e and f), where the powder was set with its relevant values for 

thermal conductivity and specific heat, and the cooling temperature was set at the mesh 

boundaries. 

 

Figure 3.12   Temperature distribution for the full-scale 1mm ((a) and (b)) and 

20mm ((c) and (d)) samples with an effective beam heat source. (a) and (c) show 

the temperature during scanning, while (b) and (d) show the temperature during the 

cooling process. The samples are embedded into powder material, where the two 

phases are shown explicitly in (e) and (f) for the 1mm and the 20mm samples, 

respectively. 
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3.7.2 Macro-scale modelling of heat flux in varying 2D-planar geometries 

 

FEM simulation was performed to study the thermal history of the two types of parts. 

The simulation enables the study of the thermal flux within the two parts with relevant thermal 

boundaries associated with the SEBM process. The thermal simulation was conducted using 

SolidWorks Simulation. The boundary conditions were 1700 oC for the hatch region for the 

two parts and 700 oC for the surrounding powder bed region. The simulation did not consider 

the scan strategy of the moving heat source. A uniform and consistent temperature was given 

on the hatch region and the powder bed region respectively. Only the heat flux result was used 

in this simulation. The boundary condition of 1700oC and 700oC was selected to match the 

approximate melting temperature of Ti-6Al-4V and the approximate powder bed temperature 

based on the thermocouple reading. 

3.7.3 Study on the columnar grain growth 

 
Multi-scale numerical modeling, representative of melting/solidification phenomena 

occurring during a SEBM process was carried out in this study. The macro-scale model was 

developed using a finite element analysis software COMSOL while the mesoscale modeling of 

the grain growth phenomena during melt pool solidification was carried out using a cellular 

automata finite difference (CAFD) based open-source code - µMatIC [207]. 

3.7.4 Macro-scale modelling of melting/solidification 

 

The macro-scale numerical model was built for electron beam scanning of Ti-6Al-4V, 

due to the vast amount of experimental data available for model validation. The domain for the 

simulation was developed with symmetry boundary condition for a single scan and was divided 

into three subdomains - the deposited metal, the sintered metal powder and the stainless-steel 

start plate as shown in Figure 3.13 
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Figure 3.13  3D numerical model showing the melt-pool schematic (All 

dimensions in mm). 

 

 

Heat transfer equations associated with solid/liquid phase change [208] have been solved 

for the deposited metal domain with the incorporation of a moving heat influx in positive x-

direction with gaussian distribution of σ = 127.4 µm. The sintered metal powder domain 

comprised of the material properties calculated by [209] for sintered Ti-6Al-4V alloy but taken 

as a value independent of temperature. No phase change was considered for this domain given 

its close distance from the center of the simulated beam. The stainless-steel domain represents 

the start plate used in SEBM experiments to simulate the heat sink effect provided by the start 

plate during real-time experiments. 

This study was extended further in two dimensions in a yz-plane associated with x = 5 

mm of the deposited material with the heat source moving perpendicular to the yz-plane as 

shown in Figure 3.13. The material properties and the process parameters defined for the 2D 

simulations were the same as for the 3D simulations, with the exception of the presence of 

adaptive meshing in 2D, in order to establish the validity of the modelling process. 
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This 2D approximation of the SEBM process relies on the observations from 3D 

simulations that the thermal gradient within the melt-pool in the x-direction is < 1/10th of the 

gradients in y- and z-directions during solidification. This implies that the magnitude of the 

resultant thermal gradient in the melt pool is inclined to the z-axis at an angle less than 4 degrees 

towards x-axis; the solidification of the melt pool, hence, is mainly in the yz-plane. 

The simplification proves beneficial in terms of lower computational resources required 

to carry out the simulations. The time taken for 2D simulations in man hours was 90 times less 

than that for 3D simulations. Due to this reason, this study in two dimensions was extended to 

incorporate the effect of deposited material shape on the resulting thermal history in the melt-

pool with build height. The 2D heat transfer simulations were extended for SEBM simulation 

of A-, I-, and V-shapes for large domain sizes comparable to that of the experiments with the 

deposited metal build height variation of 2 - 100 mm. 

In the case of the 3D modelling, heat transfer physics related to phase change during 

melting/solidification was considered. Hence, only energy equation was solved for the 3D 

domain. Since the SEBM process took place in a vacuum chamber, heat transfer due to forced 

convection, as in the case of SLM, was absent. The boundary conditions for the model only 

consist of radiative boundary condition on the top surface and insulation on every other 

boundary. Table 3.2 gives a detailed description of the material properties of Ti-6Al-4V utilized 

for the macro and mesoscale modeling process. Table 3.3 provides the SEBM process 

parameters utilized for model development and validation for Ti-6Al-4V. 
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Table 3.2 Material properties of Ti-6Al-4V utilized for the macro and mesoscale 

modelling process 

Material 

Property 
Value 

Tl 1947 K [201] 

Tm 1888 K [201] 

kliq 37 W/m.K [202] 

ksol 28.27 W/m.K [202] 

ksint 2.4 W/m.K [200] 

Cpsol 848 J/kg.K [203] 

Cpliq 921 J/kg.K [203] 

ρliq 4200 kg/m3 [200] 

ρsol 4100 kg/m3 [200] 

ρsint 
2500 kg/m3 (50% porosity 

[200]) 

α 0.9[200, 204] 

ε 0.8 

 

Table 3.3  SEBM process parameters utilized for model development and validation 

for Ti-6Al-4V 

Parameter Value 

P 900 W 

I 15 mA 

Vs 3220 mm/s 

ro 254.8 µm 

ds 100 µm 

hl 50 µm 

 

 

3.7.5 Meso-scale modelling of grain growth during solidification 

 

In order to visualize the competitive grain-growth phenomena occurring during 

solidification process inside one melt-pool, a cellular automata finite difference (CAFD) model 

[210, 211] was developed for a two-dimensional rectangular domain using an open-source code 

µMatIC. Fixed nucleation of fifty grains with random orientations ranging from -20 degrees to 

20 degrees with build direction was carried out at random positions at the bottom of a domain 

measuring 300 µm in width and 105 µm in height. The thermal gradient and cooling rate data 

obtained from the macro-scale FE model were coupled with this CAFD model to visualize the 
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microstructure development during melt-pool solidification. The current study has focused on 

the model development for a binary alloy approximation for Ti-6Al-4V with linear partition 

coefficient. A modification was carried out in the open-source code’s library files to 

incorporate time-dependent variation of thermal gradient to the third degree. However, 

incorporation of the variation of the thermal gradient with respect to position within the melt 

pool with the evolution of the solid/liquid interface is necessary as observed from the macro-

scale simulation results and will be carried out in future work. 

This chapter presents the experimental methods employed to produce and characterize 

the SEBM Ti-6Al-4V samples. The next three chapters discussed the results obtained from the 

use of these methods and their implications with respect to the anisotropy and heterogeneity 

within the SEBM-built titanium samples. 
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Chapter 4: Phase transformation in SEBM-built Ti-6Al-4V parts 

  

4.1 Introduction 

 

In order to understand the heterogeneous macro scale mechanical properties in SEBM-

built Ti-6Al-4V, it is important to first understand the nano/microscale phenomenon (e.g. phase 

transformation) that takes place within the material during the manufacturing process. This 

chapter focuses on the phase transformation and identification of SEBM-built Ti-6Al-4V. Prior 

literature has shown that there exists α, β and α' phases in titanium AM components. However, 

there is less focus on investigating the microstructure and phase transformation that occurs with 

different build geometry (e.g. thickness, shape, and height). An understanding of the 

microstructure and phase transformation would deepen the understanding of microstructural 

heterogeneity in titanium AM components. 

More precisely, the knowledge and prediction of the exact amount of the different 

phases in the final SEBM-built part still encounter many open questions, including whether 

martensite will form or not during the SEBM process [30]. For example, recent investigations 

have clearly shown the formation of martensite in SLM-built Ti-6Al-4V samples [31] due to 

the higher cooling rates experienced in the SLM process as compared to SEBM. As the amount 

of martensite has a direct impact on the mechanical properties, including strength and fatigue 

resistance [32], the study on microstructural evolution involved in EBM process is imperative. 

The result and discussion sections of this chapter consist of three parts: (1) phase 

identification in the thickness dependent samples, (2) investigating the martensitic phase 

transformation process and (3) characterization of the α/β interface. The author will then 

discuss the results in relation to the anisotropic and heterogeneity in SEBM-built Ti-6Al-4V. 
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4.2 Results 
 

To understand the phases that exist within the SEBM-built Ti-6Al-4V and the 

transformation process, block parts were fabricated with thickness of 1, 5, 10 and 20 mm as 

shown in Figure 3.4. The parts were then sectioned into several samples to for the various 

characterisations that will be discussed later in this section. Details of the sample preparation 

were described in Chapter 3. To study the phase constitution in the thickness-dependent 

samples, OM, SEM, TEM, XRD and APT analysis were carried out on the samples. 

 

4.2.1 Microstructural characterisation 

 

Figure 4.1 shows typical α/β duplex microstructures of SEBM-built Ti-6Al-4V 

observed under OM and SEM. The micrographs were taken from the block sample (10 mm 

thickness) as shown in Figure 3.6.  Figure 4.1 (a) shows the wavy columnar prior β grains that 

delineated by the grain boundary (G.B) α. The wavy grain boundaries formed because in-fill 

hatch melting direction rotated 900 after each layer during the EBM process, which aims to 

minimize residual stress. It is noted that a significant number of black lines can be clearly seen 

inside the prior β grains as in Figure 4.1 (a). After a detailed observation using OM and SEM, 

they were found to be the singular α bulges with a β/α/β sandwich structure (as shown in Figure 

4.1 (b) and (c). The width of these columnar β grains ranges mainly from 10 µm to 100 µm. 

Figure 4.1 (d) shows a typical a/b duplex microstructure. As α phase was etched out by Kroll’s 

reagent, it exhibits dark contrast while β is bright when observed under the SEM. In general, 

there are two types of transformed α/β structures existing inside the prior β grain, i.e. lamellar 

colony (Figure 4.1 (e)) and basket-weave (also called Widmanstätten pattern in Figure 4.1 (f)) 

morphologies. It is of interest to note that β phase was found to be rod-like under observation. 

The volume fraction of retained β phase was calculated as only 5% under image analysis via 

SEM. As its volume fraction is quite low in the volume, β phase formed as discrete flat rods 
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that are embedded in the continuous α phase. To be more precise, the microstructure should be 

colonies with a cellular morphology instead of the lamellar structure in Figure 4.1 (e). The 

thickness of the rod-like β phase was approximately 50 nm as measured on the SEM images. 

 

Figure 4.1 OM and SEM images showing the microstructure in SEBM-built Ti-

6Al-4V: (a) wavy columnar prior β grains and (b) singular α bulges, (c) singular α 

bulges in (d) columnar prior β grains, (e) colony α+β microstructure and (f) basket-

weave α+β microstructure. 

 

 

4.2.2 Twinned microstructure and α/β interface 

 

Figure 4.2 shows a mixed microstructure of alternate α/β with acicular α' martensite 

observed under SEM for the 1 mm thick sample. The heavily twinned α' is seen in Figure 4.2 

(c). The image was taken from the top half of the 1 mm thick sample. Figure 4.2 (b) shows the 

microstructure inside the 5mm sample that is typical of SEBM-built Ti-6Al-4V. The image 

was taken from the bulk section of the 5 mm thick sample. Additionally, many micro twins 

exist inside the α phase (as shown in Figure 4.2 (d)) for both 1 mm and 5 mm thick sample. 

The micro twins were not likely produce by the TEM sample preparation.  
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Figure 4.2   SEM and TEM images showing the twinned microstructure in SEBM-

built Ti-6Al-4V. SEM images are showing (a) a mixed microstructure of alternate 

α/β and α' martensite in 1mm sample and (b) full microstructure of alternate α/β in 

5mm sample. Dark-field TEM images are showing (c) α' martensite microstructure 

with numerous micro twins and (d) alternate α/β microstructure with some micro 

twins. 

 

Figure 4.3 shows a more detailed micrograph of the micro-twins existing inside the α 

phase of the 10 mm samples. It is noted that an interface layer between α and β phases evident 

in Figure 4.3 (c). Moreover, the interface layer was found to be prevalent in all our SEBM-

built Ti-6Al-4V samples. This interface layer appears to be quite similar with the α/β interface 

phase observed in the previous studies [212-214]. 
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Figure 4.3 TEM images showing the twinned α phase and the suspected α/β 

interphase; (a) TEM dark field image showing α and β phases in 10 mm sample. (b) 

and (c) Enlarged DF images showing micro-twins in α phase and a α/β interface 

layer, respectively. Inserts indicate the SAED patterns with zone axis [0001]α and 

[001]β. 

 

4.2.3 Martensitic phase identification 

 

Figure 4.4 shows the XRD patterns for the SEBM-built Ti-6Al-4V samples with 

thicknesses of 1 mm and 10 mm. All the detected XRD peaks are presented in Table 4.1. It can 

be observed that the peak counts for the 10 mm sample are weaker as compared to the 1 mm 

sample.  
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Figure 4.4  XRD pattern for the SEBM-built Ti-6Al-4V samples with thickness of 

1 mm and 10 mm. 

 

Table 4.1  XRD data for SEBM-built Ti-6Al-4V 

Peak No. 

1mm Sample 10 mm Sample 

hkl-α hkl-β 
2𝜃 (ᴼ) 

d-spacing 

(nm) 
2𝜃 (ᴼ) 

d-spacing 

(nm) 

1 35.58 2.5235 35.41 2.5353 100  

2 38.63 2.3306 38.58 2.3338 002  

3   39.83 2.2632  110 

4 40.62 2.2211 40.60 2.2220 101  

5 53.46 1.7141 53.41 1.7156 102  

6 57.96 1.5913 57.55 1.6015  200 

7 63.69 1.4612 63.57 1.4637 110  

8 71.23 1.3239 71.11 1.3258 103  

9 76.93 1.2394 76.86 1.2404 112  

10 78.33 1.2207 78.27 1.2215 201  

11 82.59 1.1682 82.65 1.1676 004  
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Figure 4.5 (e), (f), (g) and (h) shows the XRD patterns for the 1, 5, 10 and 20 mm 

thickness-dependent samples. It can be seen from Figure 4.5 that the XRD peak positions are 

basically consistent for all four samples. Upon closer analysis, there exists a peak shift in the 

1mm sample in comparison with the other sample (Figure 4.5 (i)), this suggests that there is 

some form of lattice strain in the α phase crystals. Based on a study by Zeng et al. [215] it was 

shown that stress-induced martensite in a Ti-Mo-based alloy caused a similar phenomenon in 

the XRD pattern. In that study, the stress-induced martensite Ti-Mo alloy was obtained via 

quenching. Additionally, the enlarged XRD profiles in Figure 4.5 insets ii reveals that peak 

width tends to increase with the increase of build thickness for the samples. The presence of β 

peaks are also identified in the thicker 20 mm sample as compared to the 1 mm sample. 
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Figure 4.5  Differences in microstructure and phase in samples with varying build 

thickness; (a–d) SEM images showing microstructure of 1 mm, 5 mm, 10 mm and 

20 mm samples, respectively. Scale bar = 5 μm. (e–h) XRD profiles of 1 mm, 5 mm, 

10 mm and 20 mm samples, respectively. Insets (i) and (ii) are enlarged profiles 

showing α(100), α(002) and α(101) peaks.  
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4.2.4 Elemental distribution of Ti, Al and V 
 

XRD analysis can show the phase constitution information regarding the bulk area of 

the sample. However, for a more precise and accurate analysis of the microstructure, APT was 

used. APT analysis of the 1 mm, 10 mm and 20 mm samples was done to reveal more 

information with regards to the microstructural transformation process. 

Figure 4.6 (a) displays the elemental distribution of Ti, Al and V in a Ø30 × 90 nm 

[216] cylinder that was extracted from an APT reconstructed volume of the 1 mm sample. 

There are two distinct regions, i.e. dense atom columns and sparse atom matrix. Such a 

difference in atomic density indicates a difference in phase [217]. In order to better distinguish 

these two regions, isodensity surfaces of Ti + Al + V = 22 at. nm−1 were generated. Isodensity 

surface means that the atomic percentage of the various element is consistent in the unit 

volume. The value of 22 at. nm-1 was selected empirically based on the reconstructed image 

obtain via the APT software. Cylindrical region of interest (ROI) that passes perpendicularly 

through the dense and sparse atom regions is shown in Figure 4.6 (b) was created. The one-

dimensional concentration profiles in Figure 4.6 (c) clearly reveal the different compositions 

in these two regions. It was found that the sparse atom region has very close compositions with 

the initial Ti-6Al-4V ELI. The high-temperature body-centered cubic (bcc) β phase will be 

decomposed via diffusional, diffusionless or mixed modes upon cooling [218]. Martensitic 

transformation is the most important type of military transformations, which do not require 

diffusion for the change in crystal structure to occur. Therefore, the sparse atom matrix should 

be the martensite that retained the same compositions of high-temperature β phase. With the 

aid of SAED technique, it was confirm that the atom matrix was α′ martensite.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f2/
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Figure 4.6  Partial decomposition of α′ martensite in the thin SEBM-printed Ti-6Al-

4V sample. (a) Element distribution of Ti, Al and V from views of transverse and 

longitudinal directions respectively in a reconstructed volume of 1 mm sample. (b) 

A cylindrical ROI cross over columns that delineated with iso-density surfaces of 

Ti + Al + V = 20 at. nm−1. The columns with a higher atomic density were indicated 

by arrows. (c) 1D concentration profiles of all alloying elements in the ROI along 

the arrow direction indicated in (b). The APT samples were likely taken from the 

upper half of the 1 mm sample. 
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Additionally, elemental distribution of Ti, Al and V in APT reconstructed volumes of 

10 mm and 20 mm samples are shown in Figure 4.7 (a) and (b). Two phases are present as 

shown by the difference in composition. Al is α phase stabilizer while V is β phase stabilizer 

[24]. In addition, the microstructure of EBM-printed Ti-6Al-4V consists of fine β rods 

embedded into continuous α phase. Therefore, α and β phases are easily distinguished. Figure 

4.7 (c) and (d) present the two proxigrams that were generated on the base of 13 at.% and 16 

at.% V iso-concentration surfaces (iso-surfaces) in the APT reconstructed volumes of 10 mm 

and 20 mm samples, respectively. Both proxigrams reveal that Ti, Al and O preferentially 

partition to α phase while V, Fe and H more likely to diffuse into the β phase. Moreover, no 

evident partitioning trend was observed for C and N. Table 4.2 reveals that Al and V are the 

most heavily partitioned alloying elements. Moreover, the partitioning ratios were markedly 

increased in 20 mm sample when compared to 10 mm sample. Iso-concentration surfaces mean 

that the atomic percentage of the particular element is consistent across the surface. The value 

of 13 at.% and 16 at.% V were selected empirically based on the reconstructed image obtain 

via the APT software. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/table/t1/
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Figure 4.7  Full decomposition of α′ martensite in the thick SEBM-printed Ti-Al-

4V samples. (a,b) Elemental mappings of Ti, Al and V in 10 mm and 20 mm 

samples, respectively. 13 at.% and 16 at.% V iso-concentration surfaces (iso-

surfaces) were adopted in the APT reconstructed volumes of 10 mm and 20 mm 

samples, respectively. (c,d) Proxigrams showing elemental partitioning behavior 

across α/β interfaces in (a,b), respectively. Partitioning behavior of each element 

and quantitative compositions of α and β phases are easily obtained from the 

proxigrams. 
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Table 4.2  Compositions (in at. %) of α and β phases in 10 mm and 20 mm samples obtained 

from APT data as well as the partitioning ration of each element. 
 

Sampl

e 
Ti σ (Ti) Al  σ 

(Al) 

V σ (V) Fe σ 

(Fe) 

O σ (O) C σ (C) N σ (N) H  σ (H) 

α 10 mm 85.1

5 

0.13 10.4

9 

0.12 2.65 0.06 0.16 0.02 0.41 0.02 0.03 0.01 0.12 0.01 0.99 0.04 

 
20 mm 87.0

2 

0.14 9.41 0.12 2.57 0.07 0.16 0.02 0.42 0.03 0.03 0.01 0.18 0.02 0.2 0.02 

β 10 mm 68.2

2 

0.18 3.13 0.07 23.6

8 

0.16 3.28 0.07 0.24 0.02 0.03 0.01 0.13 0.01 1.29 0.04 

 
20 mm 65.6

6 

0.21 2.32 0.07 27.4

3 

0.2 3.34 0.08 0.2 0.02 0.03 0.01 0.16 0.02 0.86 0.04 

k or 

k' 

10 mm 1.2 
 

3.4 
 

8.9 
 

20.5 
 

1.7 
 

1 
 

1.1 
 

1.3 
 

 
20 mm 1.3 

 
4.1 

 
10.7 

 
20.9 

 
2.1 

 
1 

 
1.1 

 
4.3 

 

 

*The partitioning ratio k (for α-partitioning elements) or k′ (for β-partitioning elements) were 

defined as or k = Cα/Cβ or k′ = Cβ/Cα, respectively. The larger than unity for k or k′, the severer 

partitioning for the corresponding element. 

 

As the microstructures of 10 mm and 20 mm samples comprised only of α and β phases, 

it obeys the following relationship: C0 = Cα∙Vf (α) + Cβ∙Vf (β), where C0 is the overall 

composition of Ti-6Al-4V ELI; Cα and Cβ are the compositions of α and β 

phases; Vf (α) and Vf (β) are the volume fractions of α and β phases, respectively. 

Then Vf (β) can be derived from the following equation: 

                                                   Vf (β) = (C0- Cα)/(Cβ- Cα)                                 Eqn. 4.1 

The (C0-Cα)–(Cβ-Cα) graphs were plotted, and the slope of the fit line is approximately equal 

to the volume fraction of β phase. Hence, the β volume fraction in 10 mm and 20 mm samples 

were 3.5 ± 0.5% and 4.6 ± 0.8% from Figure 4.8 (a) and (b). Figure 4.8 (c) and (d) shows the 

vanadium  and aluminium concentration profile at the interface of the α and β phase. The 

relative Gibbsian interfacial excess (𝛤𝑖
𝑟𝑒𝑙) of both vanadium and aluminium is indicated in the 

figure by the hatched region. It can be observed that in the case of vanadium that it has the 

tendency to segregate at the vicinity of the α/β interface due to the positive relative Gibbsian 

interfacial excess value. In the case of aluminium it can be observed that it has a tendency to 

deplete at the vicinity of the α/β interface due to the negative relative Gibbsian interfacial 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869034/figure/f5/
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excess value. The relative Gibbsian interfacial excess (𝛤𝑖
𝑟𝑒𝑙), which is defined by the excess 

number of solute atoms per unit area for an arbitrary interface. 

 

Figure 4.8  β phase volume fraction change and α/β interface characteristics. (a, b) 

(C0-Cα)-(Cβ-Cα) plots for 10 mm and 20 mm samples, respectively. (c) Vanadium 

concentration profiles showing kinetic vanadium segregation (hatched region) at 

interface front of β phase in 10 mm and 20 mm samples. (d) Aluminum 

concentration profiles showing kinetic aluminum depletion (hatched region) at 

interface front of α phase in 10 mm and 20 mm samples. α/β interface was found to 

be widened in 20 mm sample due to vanadium segregation and aluminium 

depletion. 𝛤𝑖
𝑟𝑒𝑙 is the relative Gibbsian interfacial excess. 
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4.3 Discussion 
 

4.3.1 Microstructure and phase transformation path 

 

Ti-6Al-4V is a classical α/β dual phase titanium alloy, and an important engineering 

material with broad applications [24]. Also, it is the most developed material for SEBM 

processing till today. The microstructure of as-built Ti-6Al-4V by SEBM consisted of 

columnar prior β grains delineated by wavy grain boundary α and transformed α/β structures 

with both colony and basket-wave morphology as well as numerous α platelets/bulges within 

the prior β grains. While the fabrication and characterisation of SEBM-printed Ti-6Al-4V were 

extensively conducted within the past 5 years [26, 27, 29, 181], there is still a lack of direct 

evidence to verify its phase transformation sequence involved in SEBM. Of particular interest 

is the study of martensitic transformation because of its significance to engineer SEBM-built 

Ti-6Al-4V’s microstructure. Moreover, α/β interface was found to play a primary role in 

strengthening SEBM-built Ti-6Al-4V by acting as barriers to dislocation motion. 

Figure 4.9 (c) schematically illustrates the α′ martensitic formation and decomposition 

during EBM process.  
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Figure 4.9  General microstructural evolution of SEBM-printed Ti-6Al-4V. (a and 

b) SEM images showing martensitic microstructure at the very top area and fully 

decomposed α/β microstructure at the lower area of 10 mm sample. (c) Schematic 

illustration of microstructural evolution (prior β and α′ are in cyan, α in orange and 

β in blue), i.e. martensitic formation and decomposition, involved in SEBM-built 

Ti-6Al-4V. The top layer is approximately 250 µm based on OM image. The top 

layer is identified based on the different contrast observed under OM. 

 

Firstly, wavy columnar β grains might transiently form and then transformed into 

heavily faulted and/or twined α′ plates as well as some retained β phase (i → ii). During the 

decomposition of α′ into α, vanadium is constantly being rejected from the forming α phase 

and diffuse along accommodation twin boundaries and/or stacking faults toward the boundaries 

(a) (b) 

(c) 
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between adjacent α′ martensite plates. The intergrowth of α within α ′plates could be taken into 

account as planar defects driven growth [219]. Discrete β particles will first form along α′ 

martensite plate boundaries and then continuously grow at the expense of vanadium (ii → iii). 

Accordingly, these grown discrete β particles may be connected and β rods would eventually 

form at the fully decomposed α plate boundaries (iii → iv). To differentiate with the primary α 

that formed during rapid cooling, the α phase appeared after decomposition should be named 

secondary α. Thus, the complete phase transformation path that is involved in SEBM 

processing of Ti-6Al-4V should be as follows: S(powder) → L(melt) → βprior →  

α′ + αprimary + βretained → αsecondary + β. This possible phase transformation path is derived from 

extensive microstructural observation and quantitative chemical and structural investigation on 

Ti-6Al-4V[181, 203, 220-222]. The phase transformation correlates well with the SEBM 

thermal cycling and Ti-Al-V phase diagram as well. 

Additionally, the β volume fraction in 10 mm and 20 mm samples can be determined to 

be 3.5 ± 0.5% and 4.6 ± 0.8% from Figure 4.8. The enhanced β volume fraction with the 

increase in printing thickness is thought to be related with the larger thermal mass of thick 

sample. A large thermal mass enables SEBM builds to stay at a high temperature for some 

time, which has been verified by FEM simulations [221]. The SEBM build temperature of 

approximately 650 - 700 °C induces the main microstructural evolution to take place at α + β 

two phase field based on the Ti-6Al-x%V pseudo phase diagram. Therefore, a rising 

temperature would result in an increased volume fraction of β phase. It is worth noting that the 

β stabilizer of Fe that potentially diffused from the stainless-steel start plate could also 

significantly increase the volume fraction of β phase particularly for the base of an SEBM-built 

Ti-6Al-4V part. However, its influence is avoided in this work as the specimens for the APT 

detection were extracted at a printing height of ~20 mm away from the base. As β-Ti (bcc) is 

considerably softer than α-Ti (hcp) [223], the increase in β volume fraction would give rise to 
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material strength deterioration from a macroscopic view. It is worthwhile to point out that the 

effects of the lost aluminium due to vaporisation on the β phase was not considered in this 

study. Though since aluminium is an α-stabilizer it is hypothesise that the lost of aluminium 

will result in a greater percentage of the β phase. 

Lastly, numerical simulation was used to investigate the decomposition of martensite. 

Temperature was extracted at three positions, namely, the top, the middle, and the bottom of 

the SEBM builds. The results are compiled in Figure 4.10. Starting from the “top” position 

(Figure. 4.10 (a)), the temperature profiles clearly show that the temperature inside the 20 mm, 

10 mm, 5 mm and 1 mm samples decreases progressively in this order. This effect is due to 

two reasons. Firstly, the higher thermal capacity of a thicker sample allows it to retain more 

heat as compared to the thinner sample, because it has a larger mass. Moreover, thicker sample 

also have less time to cool down between successive scans, because the time required to scan 

thicker sample is longer. This trend is also visible by comparing the temperature in the middle 

of the samples (Figure 4.10 (b)), where again the thicker sample has a higher average 

temperatures than the thinner sample. However, a different temperature behavior is found at 

the lower part of the samples (Figure 4.10 (c)). This is due to the competitive effect of the 

different cooling time for each sample. In particular, the 20mm sample has the shortest time to 

cool down. Since the lower part of the sample is the farthest from the heat source, the heat 

simply did not have sufficient time to reach the bottom before the cooling time is over. Overall, 

Figure 4.10 shows that the average temperature is higher for thicker sample. This means that 

the kinetics of martensite decomposition into α and β is expected to be higher for thicker 

sample. On the other hand, the 1mm sample shows a relatively low temperature, indicating fast 

dissipation of heat into the powder. Therefore, the kinetics of martensitic decomposition is 

expected to be slow. This is the reason why some amounts of martensite are still retained inside 

the 1mm sample. 
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Figure 4.10 Temperature evolution curves with respect to time for different 

positions (a) top, (b) middle, and (c) bottom of the samples, respectively. 
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4.3.2 α/β interface evolution 

 

SEBM-built Ti-6Al-4V could have superior tensile properties as compared to as-cast 

form largely owing to its fine Widmanstätten α/β microstructure. The Hall-Petch relation [224] 

can help to understand why the hardness or strength of SEBM-built Ti-6Al-4V samples will be 

decreased with increasing printing thickness; indeed the finer microstructure will lead to a 

higher strength. The higher strength obtained from the finer β spacing is due to more α/β 

interfaces in the microstructure contains. It was observed that dislocations were always first 

emitted from α/β interfaces in Ti-6Al-4V and plastic deformation started with dislocations 

emitted from there [225]. Moreover, α/β interface is believed to play the primary role in 

strengthening SEBM-built Ti-6Al-4V [181]. It thus becomes very necessary to study the 

characteristics of α/β interface in order to explain the printing thickness dependent properties 

from a microscopic viewpoint. 

In order to quantitatively study the α/β interface, APT was used to analyze the specimen 

cut from the SEBM-built Ti–6Al–4V block samples. According to the mass-to-charge 

spectrum illustrated in Figure 4.11, the form of the interstitial elements, e.g. O, Fe, N, C, H etc. 

that exist in the initial pre-alloyed powder could be directly known. O mainly exists as TiO and 

it also combine with Al and H to form AlO and H2O. Otherwise, the H2O detected in Figure  

4.11 might also be from the absorbed moisture. Fe and C will not react with other elements. N 

can exist either as element or compound of TiN and Ti2N. H exists in the form of TiH and VH 

but it may mainly come from the analysis chamber of APT.  
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Figure 4.11  Mass-to-charge spectrum of an APT reconstruction volume showing 

the ions or complex ions detected in the sample of SEBM-built Ti-6Al-4V. 

 

Figure 4.12 (a) shows a micro-tip specimen prepared by using FIB for APT analysis. 

The APT reconstruction volume shown in Figure 4.12 (b) was obtained from the apex of this 

micro-tip. For clarity, only three major elements, i.e. Ti, Al and V, were illustrated. As known, 

Al can stabilize α phase while V is a β stabilizer [226]. Moreover, it has been stated above that 

the microstructure of SEBM-built Ti–6Al–4V consists of fine β rods embedded into continuous 

α phase. Therefore, α and β phases could be indicated respectively in Figure 4.12 (b). Al and 

V are two major alloying elements in Ti–6Al–4V; meanwhile they exhibit obvious partitioning 

behavior as shown in Figure 4.12 (d) and (e), i.e. Al preferentially partitions to α phase while 

more V diffuses into the β phase. In addition to Al and V, Fe also exhibit an obvious partitioning 

to β phase. Based on the 16 at. % V iso-surfaces in Figure 4.12 (f), a proxigram was obtained 

in order to better reveal elemental partitioning behavior.  
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The values of 16 at.% V was chosen because it approximately lay midpoint of the V elemental 

concentrations between the α and β phases in the proxigram shown in Figure 4.8 c. Moreover, 

C and N almost homogeneously disperse into α and β phases. The α/β interface could be 

determined to be 1.8 ± 0.2 nm in terms of the Ti concentration profile. Of particular note is that 

obvious concentration gradients of V and Fe exist at both sides of the interface, which enables 

the interface width to extend 3.2 nm. Table 4.2 lists the accurate chemical compositions of α 

and β phases as well as the partitioning ratios of each element.  
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Figure 4.12  Identification of the partitioning of elements between the α and β phase 

via APT reconstruction volume. (a) SEM image showing a micro-tip specimen 

prepared by FIB for APT analysis. (b) An APT reconstruction volume showing α 

and β phases. 16 at. % V iso-concentration surfaces (isosurfaces) was adopted to 

delineate the α/β interface. (c), (d), (e) and (f) show the elemental distribution of Ti, 

Al, V and Fe in the APT reconstruction, respectively. 
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The partitioning ratio k (for α-partitioning elements) or k’ (for β-partitioning elements) 

are defined as k = Cα/Cβ or k’ = Cβ/Cα; respectively. The larger than unity for k or k’, the severer 

partitioning for the corresponding element. As seen in Figure 4.13 (b), a pair of parallel 

interfaces could be indicated by the 16 at.% V iso-surfaces. It is known that these two planes 

should be the flat sides of β rod, i.e. the coherent α(0001)/β(110) interface. Moreover, the accurate 

determination of α and β compositions in this work is thought to greatly facilitate the simulation 

on a α  β phase transformation in additive manufacturing of Ti–6Al–4V by SEBM. To 

precisely measure the thickness of β phase, a region of interest (ROI) that vertically goes across 

the two parallel iso-surfaces was created. The thickness of β phase was determined to be ~25 

nm according to the depth concentration profiles in Figure 4.13 (c). 
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Figure 4.13  Identification of the element concentration across the α/β interface; (a) 

A proxigram showing the concentration profiles of alloying elements across the α/β 

interface delineating with a 16 at. % V iso-surface in the APT reconstruction in 

Figure. 4-11. (b) A region of interest perpendicularly passes through two 16 at. % 

V iso-surfaces in the APT reconstruction volume. (c) 1D concentration profile 

along the Z axis of ROI in (b). 
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4.4 Conclusions 

 

The results demonstrates that α′ martensite was formed first in SEBM of Ti-6Al-4V 

regardless of printing geometries. Unlike other powder-based metal 3D printing methods, the 

martensitic phase is then decomposed into α/β microstructure depending on the subsequent 

thermal cycling history due to the elevated build temperature. This study have shown the 

formation and decomposition of α′-Ti martensite from quantitative structural and chemical 

information.  

In terms of the general phase transformation path suggested in this study, it is possible 

to further modify the microstructure and optimize its comprehensive mechanical properties for 

SEBM-built Ti-6Al-4V parts by varying the printing temperature. It is possible to reduce the 

average beam current of SEBM process to achieve a lower printing temperature, for example, 

and thus obtains a mixed microstructure of (α′ + α/β) that is strong and tough.  

In addition, quantitative microstructural characterization helps us understand the 

deteriorating strength with the increase in in-fill hatching thickness from a macroscopic view, 

namely, due to the increasing β spacing and β volume fraction. Moreover, quantitative 

examination of the elemental partitioning and segregation behavior at the α/β interface was 

conducted. The increasing α/β lattice mismatch and α/β interface width are believed to account 

for the strength degradation from the microscopic view. 
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Chapter 5: Heterogeneous microstructure and mechanical 

properties of SEBM-built Ti-6Al-4V parts 
 

5.1 Introduction 

 

After an understanding of the phase transformation process within SEBM-built Ti-6Al-

4V was established in the previous chapter. An understanding of how it would affect parts with 

various thickness, 2D-planar geometry and build height was sought. This chapter thus focuses 

on the effects of build thickness on the microstructure and mechanical properties of SEBM-

built Ti-6Al-4V. Prior literature has shown that there exists heterogeneity in the microstructure 

due to the different build thickness. This is due to the thermal cycling involving rapid 

solidification, high cooling in solid state and long-term annealing at a build temperature of 600 

- 650 0C is involved layer by layer during the entire SEBM process. Thus, an out-of-

equilibrium, very fine, and build geometry-dependent microstructure will be obtained in the 

as-built materials. It is thus easy to imagine that heterogeneous microstructure as well as the 

resulting heterogeneous properties would be formed in SEBM-built Ti-6Al-4V parts. 

 However, there is lesser focus on the microstructure and phase transformation that 

occurs with varying build thicknesses or geometries. An understanding of the microstructure 

transformation could deepen the understanding of microstructural heterogeneity in titanium 

AM components. Complex industrial parts like the impeller often consist of features with 

varying thickness. Thus, an investigation to observe the microstructure of SEBM-fabricated 

Ti-6Al-4V ELI with varying thicknesses was undertaken. 

The result section of this chapter consists of three parts: (1) investigating the effect of 

build thickness on the microstructure and mechanical properties of SEBM-built Ti-6Al-4V, (2) 

investigating the effect of 2D-planar geometry on the microstructure and mechanical properties 

of SEBM-built Ti-6Al-4V and lastly (3) investigating the effect of build height on the 

microstructure and mechanical properties of SEBM-built Ti-6Al-4V. 
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5.2 Results 

 

5.2.1 Effects of build thickness on the microstructure and mechanical properties of 

SEBM-built Ti-6Al-4V parts 

 

After observing the microstructure of the SEBM-built Ti-6Al-4V parts in the preceding 

chapter, the study moved on to investigate and compare the microstructural differences 

between the various thickness dependent samples namely 1 mm, 5 mm, 10 mm, and 20 mm. 

Figure 5.1 (a), (b) and (c) show the wavy columnar prior β grains that are delineated by grain 

boundary α phase in the 1, 5 and 10 mm samples. The thickness of α platelet widens with 

increasing sample thickness as shown in Figure 5.2 (d), (e) and (f). Figure 5.2 shows the 

representative SEM image of the α/β microstructure in the thickness dependent samples. There 

is an obvious increase in β-interspace with increasing thickness in the four experimental 

samples. 
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Figure 5.1  Optical micrograph images of the microstructure of SEBM Ti-6Al-4V 

of varying build thickness: (a) 1mm sample at 100x magnification (d) 1mm sample 

at 500x magnification (b) 5 mm sample at 100x magnification (e) 5 mm sample at 

500x magnification (c) 10 mm sample at 100x magnification (f) 10 mm sample at 

500x magnification. Scale bars for the micrographs taken at 100x and 500x 

magnifications were added in Figure 5.1 (c) and (d) respectively. 
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Figure 5.2 (a–d) Scanning electron microscopy (SEM) images showing 

microstructure of 1 mm, 5 mm, 10 mm and 20 mm samples, respectively. Scale 

bar = 5 μm. The martensitic microstructure can only be observed in 1 mm sample. 

β phase (in white) exhibits a morphology of discrete rod that embedded into 

continuous α phase (in dark). The distance between two facing arrows denotes β 

phase spacing. Obviously, microstructure becomes coarser with an increase in 

building thickness. 

 

Table 5.1 lists the β interspace as well as the corresponding Vickers microhardness of 

the four samples. The microhardness decreases with increasing β phase spacing. This can be 

explained by the classical Hall-Petch relation [224, 227], i.e. the finer of the microstructure, 

the higher is the yield strength of the material. It is hypothesized that the α/β interface 

strengthening might play the primary role in determining the strength of SEBM-built Ti-6Al-

4V which has a multiscale microstructure with cellular colony and basket-weave morphology 

[181]. Of particular note is that the duplex microstructure, i.e. the soft rod-like β phase 

homogeneously embedded in the continuous hard α phase, could provide good ductility to the 

SEBM-built titanium part. 

 

 

(a) (b) 

(c) (d) 

5μm 5μm 

5μm 5μm 

β spacing 
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Table 5.1  The β phase interspacing and Vickers hardness of the four experimental samples. 

Sample β-interspace (μm) Vickers Hardness (HV) 

1mm 0.283 ± 0.068 362.2 ± 6.0 

5mm 0.463 ± 0.097 332.5 ± 4.6 

10mm 0.610 ± 0.105 322.2 ± 5.4 

20mm 0.813 ± 0.185 320.0 ± 4.9 

 

A study by Lu et al. [228] also showed that there is a linear relationship among Vicker's 

hardness (HV), yield strength (σy) and ultimate tensile strength (σu) for Ti-6Al-4V, which is 

given by: 

                                       𝜎𝑦 = 3.013𝐻𝑉 − 127.012                                             Eqn. 5.1 

                                   𝜎𝑢 = 3.586𝐻𝑉 − 237.900                                            Eqn. 5.2 

 

The estimated yield strength (879 MPa) and ultimate tensile strength (959 MPa) of the 

sample are comparable with wrought Ti-6Al-4V.  

 

5.2.2 Effect of 2D-planar geometry on the microstructure and mechanical properties 

 

After the initial investigation on the individual thickness-dependent samples, the 

microstructure and mechanical property of samples that were connected were studied. This led 

to the subsequent investigation that features a common block connecting the different fin 

thicknesses as shown in Figure 3.5. Additionally, two different fin structures were fabricated 

namely the straight-finned and the curve-finned structures. They were used to investigate the 

effect of 2D-planar geometry on  microstructure and mechanical properties. The schematic of 

the samples is discussed in greater detail in Chapter 3. 

Figures 5.3 and 5.4 show a typical α/β duplex microstructure in the straight-finned 

structures and the curved-finned structures respectively, where the dark region is the α phase 

that was etched out by the Kroll’s reagent while the rod-like β phase is the bright region [27]. 
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There are two types of transformed α/β structure inside the prior-β grain, namely the colony 

and the basket-weave morphology. It is observed that the continuity of the microstructure 

morphology is also more evident in the straight-finned structure as compared to the curve-

finned structure from Figure 5.3 and 5.4. Additionally, it can be observed that the β-interspace 

in the 1 mm thick curve-finned structure are coarser as compared to the 1 mm thick straight-

finned structure. The presence of α-bulges in the curve-finned structure is also lesser. This 

observation is supported by Vicker’s hardness measurements plotted in Figure 5.7 which 

indicates that the curve-finned structure is approximately 10 Hv softer as compared to the 

straight finned structure. 

 

Figure 5.3  SEM images of the microstructure in the straight-finned part for position 

2 and 4: (a) and (b) 1mm, (c) and (d) for 5mm, (e) and (f) for 10mm, (g) and (h) for 

20mm straight-finned structures, respectably. 
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Figure 5.4  SEM images of the microstructure in the curved-finned part for position 

3 and 4: (a) and (b) for 1mm, (c) and (d) for 5mm, (e) and (f) for 10mm, (g) and (h) 

for 20mm curve-finned structures. 

 

Figures 5.5, 5.6 and 5.7 plot the β interspace, prior β columnar grain width and the 

Vickers microhardness of the various samples respectively. The microhardness values obtained 

from both finned structures for the four thicknesses, ranging from 1 to 20 mm decreases from 

350 HV to 330 HV as shown in Figure 5.7. There is also an increase in β interspace and prior 

β columnar grain width of 0.2 to 0.7 µm and 35 to 50 µm, respectively as shown in Figure 5.5 

and 5.6. The good correlation between microhardness values and β interspace is in good 

agreement when compared with the previous study on the individual thickness-dependent 

samples. It is worthwhile to note that when compared to the individual thickness dependent 

samples, the samples in this study exhibit a finer β interspace. This suggests that the connecting 

block acts as a heat sink and increases the cooling rate experienced by the sample. 
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Figure 5.5  Plots of the average β interspace (µm): (a) straight-finned structure and 

(b) curved-finned structure. 

 

 

Figure 5.6  Plots of the average prior β columnar grain width (µm) of the (a) 

straight-finned structure and the (b) curved-finned structure. 

 

 

Figure 5.7  Plots of the average Vickers microhardness (HV) of the (a) straight-

finned structure and the (b) curved-finned structure. 
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5.2.3 Effect of build height on the microstructure and mechanical properties  

 

In order to quantitatively investigate the effect of build height on the microstructure and 

microhardness, samples were analyzed via SEM and tested via Vicker’s microhardness 

methods. Figure 5.8 (a), (c), (e) and (g) show the α/β duplex microstructures of 10 mm-4, 10 

mm-3, 10 mm-2 and 10 mm-1 samples at the X–Z plane, respectively. For uniformity, all 

microstructures were taken from the mid-line area of each tensile test piece. The size 

distribution histograms in Figure 5.8 (b), (d), (f) and (h) show that β interspace continuously 

increases with the build height. The average β interspace of 10 mm-1, 10 mm-2, 10 mm-3 and 

10 mm-4 are 0.58 ± 0.11 µm, 0.66 ± 0.16 µm, 0.74 ± 0.14 µm and 0.77 ± 0.20 µm, respectively.  
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Figure 5.8  SEM images showing the α/β duplex microstructure as well as the 

corresponding β rod interspacing distribution histograms of (a) and (b) for 10mm-

4, (c) and (d) for 10mm-3, (e) and (f) for 10mm-2,  (g) and (h) for 10mm-1 samples. 

 

Figure 5.9 shows that the prior β grain width gradually increases with build height, i.e. 

an average width of 42.77 ± 14.52 µm, 46.85 ± 13.46 µm, 54.77 ± 20.15 µm and 56.82 ± 13.73 

µm in 10 mm-1, 10 mm-2, 10 mm-3 and 10 mm-4 samples, respectively. Both of β interspace 

and β grain width increase as the build layer increases. As a result, cooling rate is higher at the 

build bottom, and it would constantly decrease with rising build height. It is clear that graded 
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microstructure occurs along the build direction for SEBM-built Ti–6Al–4V. In general, the 

mechanical properties of engineering materials depend on their microstructure. Therefore, 

graded mechanical properties will be produced as a result of a graded microstructure.  

 

                    

Figure 5.9 OM images showing the columnar prior β grains as well as their 

corresponding width distribution histograms of (a) and (b) for 10mm-4, (c) and (d) 

for 10mm-3, (e) and (f) for 10mm-2, (g) and (h) for 10mm-1 samples. 

 

(g) 
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In order to verify the graded mechanical properties of SEBM-built Ti–6Al–4V, 

microhardness and tensile tests were carried out on the 10 mm-1, 10 mm-2, 10 mm-3 and 10 

mm-4 samples. The Vickers microhardness of these four samples are 327 ± 5 HV, 324 ± 5 HV, 

322 ± 7 HV and 319 ± 5 HV, respectively. The results show that the microhardness 

continuously decreases with increase in build height. Furthermore, the tensile strength 

decreases with increasing build height as shown in Table 5.2, i.e. all the yield strength, the 

ultimate tensile strength and elongation decrease. It is also confirmed that a graded 

microstructure as well as resulting graded mechanical properties take place along the build 

direction for SEBM-built Ti–6Al–4V. Figure 5.10 (a) shows that the microstructure and 

mechanical properties obeys the Hall-Petch’s relationship. Figure 5.10 (b) shows that there is 

an increase in strain hardening exponent with an increase in build height. 

 

Table 5.2 Tensile properties of four SEBM-built Ti-6Al-4V samples with different build 

heights. 

Specimen Yield Strength (0.2% 

offset) (MPa) 

Ultimate Tensile 

Stress (MPa) 

Elongation  

(%) 

10mm-4 

(Top) 823.3 934.0 12.5 

10mm-3 828.2 938.7 13.5 

10mm-2 845.3 949.4 14.0 

10mm-1 

(Bottom) 857.6 964.2 15.5 
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Figure 5.10  Plots of the yield strength against the β interspace and True stress 

against True strain at varying build height; (a) Variation of average yield strength 

σy with inverse of square root of average prior β grain size (d) and average β rod 

interspacing (λ). (b) True stress-true strain curves for the plastic response of the 

four SEBM-built samples, plotted on logarithmic axes. The measured power-law 

strain hardening exponents and strength coefficients are indicated for each sample. 

 

Additionally, a region containing near-equiaxed prior β grains with a height of 

250 µm (5 layers) is clearly observed at the bottom (Figure 5.11). An equiaxed-to-

columnar transition for the prior β grains occurs due to the variation of solidification 

conditions (e.g. thermal gradient and solidification rate) in melt pool. The SEM 

observation of microstructure shows that β phase would become increasingly 
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discontinuous with build height in the initial tens of layers. It indicates that different 

volume fractions of β phase are retained, which depends on the temperature within the 

two-phase region as illustrated in the vertical section of the Ti-6Al-xV phase diagram 

[229]. The lower the terminate temperature of the rapid cooling process, the lesser the 

amount of β phase retained. In practice, the bottom part, i.e. the observed equiaxed-to-

columnar transition region that directly built on the start plate, will be removed once a 

build is completed. Nevertheless, this equiaxed-to-columnar transition phenomenon 

could give a major clue for precise control of SEBM-built microstructure. 
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Figure 5.11 OM micrograph showing the Equiaxed-to-columnar transition of prior 

β grains at the initial tens of layers. SEM micrographs showing the alternating α/β 

evolution with the build height. 
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5.3 Discussion 
 

5.3.1 Thickness dependent microstructure and mechanical properties 

 

The adoption of metal AM to fabricate functional end use parts is becoming a reality. 

Such industrial parts used in the aerospace or biomedical applications often consist of features 

with varying thickness. Most initial efforts focused on optimizing the process parameters to 

obtain near-fully dense parts; lesser focus was put on understanding the anisotropy and 

heterogeneity of microstructure and mechanical properties of SEBM-built metallic parts. As 

such, the investigation of the thickness dependence of microstructure and mechanical 

properties of SEBM-built metallic parts is significant in promoting greater understanding of 

the heterogeneity in the microstructure and mechanical property in SEBM-built Ti-6Al-4V. 

The quantitative characterization of the 2 sets of thickness-dependent samples (individual and 

connected) is also novel. 

SEBM is a selective melting process where each molten pool may experiences a 

different cooling rate and annealing duration depending on its spatial location and the part 

geometry. The three main paths that heat are lost in the SEBM process are: (i) radially through 

the surrounding sintered powder, (ii) vertically downwards through the built plate via 

conduction and (iii) vertically upwards from the top layer via radiation towards the ambient. 

Thus, the thin structures in the sample will likely experience a higher cooling rate due to a 

higher surface area to volume ratio allowing heat lost to the surrounding powder and to 

previously deposited layers. A FEM simulation model of the thermal history in the various 

thickness-dependent samples shown in Figure 4.10 indicates that the temperature profiles 

inside the thicker sample have higher average temperature as compared to thinner sample. 

Thus, the different temperature profiles could explain the difference in β interspace seen in the 

1 mm, 5 mm, 10 mm and 20 mm thick straight-finned structures. 



144 

 

The microstructure becomes finer with reducing build thickness, i.e. both prior β grain 

width and β rod interspacing decreases. A mixed microstructure of alternate α/β with acicular 

α' martensite is observed inside the 1mm sample, while only fully decomposed alternate α/β 

microstructure is observed inside the 5 mm, 10 mm and 20 mm samples. In addition, numerous 

micro-twins occurred inside both the α and α' phases. The Vickers microhardness increase with 

decreasing β-interspace. This can be explained by the classical Hall-Petch relation [224, 227], 

i.e. the finer of the microstructure, the higher the yield strength of the material. It is found that 

the α/β interface strengthening plays the primary role in determining the strength of SEBM-

built Ti-6Al-4V that possesses a multiscale microstructure with cellular colony and basket-

weave morphology [181]. Of particular note is that the highest microhardness obtained in the 

1 mm sample is not only due to its finest β phase spacing but also the retained α' martensite. 

As an extremely high cooling rate is involved in the SEBM process, very fine β spacings are 

observed in this work. As a result, SEBM-built Ti-6Al-4V will exhibit a high strength with 

ultrafine microstructure. Moreover, the duplex microstructure, i.e. the soft rod-like β phase 

homogeneously embedded in the continuous hard α phase, could provide good ductility. As we 

know, α' martensite is very hard, which gives high strength but  low ductility. It was previously 

accepted that martensite could be avoided in SEBM-built Ti-6Al-4V via an elevated build 

temperature. However, it has also been pointed out that the Ti-6Al-4V microstructure 

containing a mixture of α and α' will have superior mechanical properties [230]. If the control 

over microstructure can be achieved for SEBM-built Ti-6Al-4V, e.g. obtaining a mixed 

microstructure of α/β and α', this could further improve its mechanical properties. 

Lastly, the effect of build thickness not only influence the microstructure morphology 

and mechanical properties, but it also influences the phase constitution in the material as well. 

XRD and APT analysis show that the β-phase content increases with build thickness as well. 

Though the influence of the increased β-phase content has not been quantitatively investigated 
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it is likely that it will improve the ductility of AM Ti-6Al-4V. Additionally, the XRD profiles 

previously shown in Figure 4.5 inset ii shows that the (0002)α peak width tends to tends increase 

with the increase in build thickness. This suggests that the mean crystal size gets smaller with 

increasing build thickness.  

In summary, it can be said that the microstructure of SEBM-built Ti-6Al-4V is 

metastable and that there is a microstructure evolution phenomenon that occurs during the 

fabrication process that has significant influence on the microstructure morphology and 

mechanical properties. 

5.3.2 2D-planar geometry on the heterogeneous microstructure and mechanical 

properties 

 
Apart from understanding that the effects of build thickness on the heterogeneous 

microstructure and mechanical properties are due to the different thermal mass that each sample 

had, the author also wanted to understand the synthetical influence of build geometry and in-

fill hatching strategy on the two types of fin structures. 

It was observed that the curve-finned structure has a coarser, less complete and irregular 

α/β morphology microstructure than the straight-finned structure. A possible reason for the 

coarser microstructure may be due to its greater cross-sectional area as compared to the 

straight-finned structures. Thus, the thermal input is greater. This difference in the cross-

sectional area affects the hatch length used in each of the finned structure. It can be observed 

from Figure 5.12 that a longer hatch length is performed in the curve-finned sample as 

compared to the straight-finned sample. It is known that in the SEBM process the longer the 

hatch length, the higher the beam current applied to ensure sufficient thermal input to the hatch. 

This increase in thermal input within the curve structure results in an increase in annealing 

temperature and time, which in turn leads to a coarser microstructure [231] as compared to the 

straight finned structure.  
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Figure 5.12 Difference in hatch length and hatched surface area between the 

straight-finned and curved-finned part; (a). Schematic of the different scan line 

length between the straight-finned structure and the curved-finned structure (b) 

Surface Area of the fin structure region (mm2) 

 

Additionally, the curve-finned structure sample is observed to have a less complete and 

irregular α/β morphology microstructure as compared to the straight-finned structure. It 

indicates the difference in the volume fraction of the β phase retained in the curved finned 

structure as compared to the straight finned structure. The higher the terminate temperature of 

the rapid cooling process, the greater the amount of retained β phase and a complete α/β 

morphology microstructure is likely to be observed [181]. Thus, a reason for the lower 

terminate temperature by the curve-finned structure is likely due to the greater surface area (at 

the side) of the fin structure being exposed to the partially sintered powder bed. The heat flow 

of the straight-finned structure is also more consistent and direct towards the neighbouring fins 

thus a higher terminate temperature can be assumed as can be seen in Figure 5.13. FEM 

simulation was performed to study the thermal history of the two type of parts. The simulation 

enables a study on the thermal flux within the two parts with relevant thermal boundaries 

associated with the SEBM process. The thermal simulation as shown in Figure 5.13 shows both 

the heat flux and the heat flow direction within the two parts and correlates well with the 
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experimental findings. The heat flux and heat flow of the curve-finned part are larger and more 

inconsistent as compared to the straight-finned part which could lead to a lower terminate 

temperature and more irregular α/β morphology. 

 

Figure 5.13 Schematic of the heat loss direction from the straight-finned and curve-

finned part. (The scale of the arrow represents the heat flux, and the direction of the 

arrow represents the heat flow.) 

 

In summary, the effects of sample build geometry and in-fill hatching strategy on the 

as-built microstructure are the presence of martensitic phase in the 1 mm straight-finned 

structure as compared to the partially decompose martensitic phase observed in 1 mm curve-

finned structure. Vickers micro-hardness and β interspace results between the two finned 

structures are also different. The differences in the completeness of the α/β morphology are 

also observed. 
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5.3.3 Graded microstructure and mechanical properties 

 

The study on the effect of build height on the microstructure and mechanical properties 

shows that β interspace increases with the build height and a corresponding decrease in tensile 

properties. The following section will to discuss the phenomenon behind the results. 

The thermal process of SEBM is very complex as electron beam is the only heat source 

that is involved in a complicated relationship between maintaining a constant build temperature 

and melting. In any SEBM setup there are two major heat losses: the heat radiation from the 

top surface and the heat conduction through the sintered powder from the surrounding surface 

of the part and start plate. Since only a low pressure of 2.0 × 103 mbar is maintained during 

melting via introducing high pure He into the high vacuum build chamber, the heat loss due to 

convection could be neglected. Infrared (IR) imaging technique has been increasingly 

employed for in-situ surface temperature measurements and build flaws detection [232]. 

Unfortunately, it is challenging to monitor the temperature distribution inside SEBM-built 

parts. Temperature was only measured by a thermocouple mounted at the bottom of start plate 

and it was not used in any feedback due to practical reasons. The measured temperature was 

plotted versus time in Figure 5.14 for the entire SEBM build process of horizontal Ti–6Al–4V 

blocks. The temperature during melting process can be divided into three stages: (1) a sharp 

decrease, (2) a slow increase and (3) an appropriate constant.  
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Figure 5.14  Plots of the temperature measured during the SEBM process and the 

phase transformation sequence of SEBM-built Ti-6Al-4V; (a) Plot of the 

temperature (measured by a thermocouple beneath start plate) against the time taken 

during the entire SEBM build process. (b) Schematic phase diagram of Ti-6Al-4V 

and (c) simplified thermal process showing the four main phase transformation 

processes involved in SEBM-built Ti-Al-4V. 

 

The heat transfer (q) by thermal conduction and radiation is given by [233]: 

                             Eqn 5.3 

where k is the thermal conductivity of materials (k = 14.1 W m-1 K-1 for Ti–6Al–4V at 650 oC 

[24]), A is the cross-section area (A = 1.0×10-3 m2 ), δT1 is the temperature difference between 

top surface and bottom part, δx is the build height, t is the build time, σ is the Stefan–Boltzmann 

constant, e is the emissivity (unity for a black body), and δT2 is the temperature difference 

between top surface and ambient. Therefore, the heat transfer rate δq/δt, which directly reflects 

the cooling rate, could be derived as: 

                                               Eqn 5.4 
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Here, it is assume that the temperature of the melt pool (top surface) is constant as the heat 

provides by an electron beam to melt powder bed is supposed to be fixed for each built layer 

with the same cross geometry. Moreover, the melting as well as the subsequent heat radiation 

from the melt pool to the ambient are completed immediately due to the fast scan velocity of 

the electron beam and high vacuum. Provided that the heat loss through radiation from the melt 

pool to the ambient is invariable for each layer, the heat loss due to radiation could be assumed 

to be independent of time and build height. For stage (1) in Figure 5.14 a, corresponding to the 

very bottom part (1 - 2 mm in height), both δT1 and δx increase, hence the variation of cooling 

rate was not known. For stage (2), δT1 decreases and δx increases, as a result that the cooling 

rate decreases. For stage (3) δT1 remains constant while δx continuously increases, 

consequently the cooling rate will continue falling down.  

On the other hand, a slow cooling rate will definitely result in a coarse microstructure. 

Thus, it explains the microstructural variation mentioned earlier, i.e. the prior β grain width 

and the β rod interspace gradually increase with the build height. A schematic of the columnar 

grain growth is shown in Figure 5.15. 
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Figure 5.15  Schematic microstructure of SEBM-built Ti-6Al-4V on X-Z plane 
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5.4 Conclusions 
 

In summary, this chapter presents and discusses the results regarding the effects of 

various build geometries (e.g. thickness, shape, and height) on the microstructure and 

mechanical properties of SEBM-built Ti-6Al-4V parts. 

Firstly, Ti-6Al-4V parts with different thicknesses were built using SEBM in order to 

investigate its build thickness-dependent microstructure. A mixed microstructure of alternate 

α/β with acicular α' martensite is observed inside the 1mm sample, while only fully 

decomposed alternate α/β microstructure is observed inside the 5 mm, 10 mm and 20 mm 

samples. In addition, numerous micro-twins occurred in both α and α' phases. It is found that β 

phase spacing increases with the build thickness. Meanwhile the microhardness decreases 

accordingly. 

FEM simulations to investigate martensitic formation and decomposition also show that 

thicker sample has an higher average temperature compared to thinner sample, thus suggesting 

a faster kinetic for martensite decomposition for thicker sample. This in turn, depends on the 

combined effect of longer scan time, higher thermal mass, and shorter cooling time for the 

thicker sample as compared to the thinner sample. 

Secondly, a microstructural characterization study on the synthetical influence of build 

geometry and in-fill hatching strategy on SEBM was carried out. Based on the experimental 

results, it can be concluded that the selective melted geometry and in-fill hatching strategy have 

significant effect on the microstructure of as-SEBM-built Ti-6Al-4V parts. The effect can be 

observed from the amount of martensitic phase between the curve and block parts and the 

microstructure, morphology and mechanical property variation among the different structures 

with different thicknesses. FEM simulation was also performed to study the thermal history of 

two types of parts. The thermal simulation as shown in Figure. 5.13 showed that the heat flux 

and heat flow of the curve-finned part are larger and more inconsistent as compared to the 
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straight-finned part which could lead to a lower terminate temperature and more irregular α/β 

morphology respectively. The thermal simulation correlates well with the experimental 

findings. 

 Lastly, the microstructure and mechanical properties of as-built Ti-6Al-4V ELI by 

SEBM were systematically investigated with varying build height. Based on these experiments, 

the following conclusions can be drawn:  

1. Graded Ti–6Al–4V microstructure including varying prior β grains and β phase interspace 

is seen, i.e. near-equiaxed prior β grains as well as equiaxed-to-columnar transition region at 

the initial several build layers and the subsequent columnar prior β grains with increasing grain 

width and β rod interspacing. The coarser columnar microstructure mainly arises from the 

decreasing cooling rate. In addition, an increasingly pronounced strain hardening effect is 

observed with increasing build height as the previously built layer is subjected to a longer 

annealing as compared to the subsequent layer.  

2.  Graded mechanical properties of Ti-6Al-4V with degraded microhardness and tensile 

properties are observed from bottom to top, i.e. decreasing microhardness, yield strength and 

ultimate tensile strength and elongation as the build height increases. A good agreement with 

the Hall– Petch relation indicates that the graded property takes place mainly due to the graded 

microstructure. In addition, the α/β interface strengthening is found to play the primary role in 

determining the strength of SEBM-built Ti-6Al-4V that possesses a multiscale microstructure 

with cellular colony and basket-weave morphology. Nevertheless, β grain refinement 

strengthening seems to be more effective as the prior β grain boundaries could absorb a higher 

amount of dislocations in comparison with α/β interfaces. 
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Chapter 6: Anisotropic columnar grain growth in SEBM-built Ti-

6Al-4V parts 
 

6.1 Introduction 
 

The understanding of the phase transformation and the microstructure of the as-built 

SEBM Ti-6Al-4V provides a good perspective of the heterogeneity that exists in the material. 

Additionally, anisotropy has been reported to exist in metal AM materials as well. As such it 

is of interest to study the columnar grains which are often reported to be the cause of anisotropy 

in metal AM materials. The dominant microstructure morphology in metal AM is the columnar 

grain. In order to optimize the mechanical properties of as-SEBM-built metals and alloys, the 

study of the commonly observed columnar grains in SEBM process is important as it has a 

direct influence on the macroscale mechanical properties as well. Additionally, the 

investigation of the columnar grain growth behaviour can also give new insights into the grain 

selection phenomena that is significant to the ultimate microstructure. 

The classical model for competitive grain growth was first proposed by Walton and 

Chalmers [71]. The theory states that a dendrite well-oriented with the temperature gradient 

direction will overgrow a less favorably oriented dendrite. Though experimental studies based 

on directional solidification experiments have challenged the classical model for competitive 

grain growth [234-236]. Simulation-based studies using phase-field (PF) models have revealed 

that misoriented grains might be eliminated much slower than expected based on the classical 

model or even eliminate better-oriented grains [237, 238]. A prior study based on SEBM-built 

Ti-6Al-4V has shown that there exists grain competition between the grains formed due to the 

bulk and contour scanning parameters that follows the classical model [92]. Though thermal 

history experienced by a sample of a taller build height (e.g. 100 mm) is suspected to be 

different from that of a shorter build height (e.g. ~20mm) used in the prior study due to the 

different paths where heat is lost. Recent simulation-based research has also simulated the grain 
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structure evolution during powder-bed fusion AM and showed that the simulated grains grow 

followed by the classical rule of grain selection [239]. It is, therefore, important to investigate 

the effects of build height on the microstructure and mechanical properties of SEBM-built Ti-

6Al-4V. 

This chapter presents the study on the columnar grain growth during the SEBM of Ti-

6Al-4V. The author will then discuss the build height dependent microstructure and mechanical 

property followed by the grain selection phenomenon that occurs in SEBM-built Ti-6Al-4V 

based on the results presented. 

 

6.2 Results  

 

Based on the previous study that was done on samples with a height of 30 mm, it is 

observed that there exist graded microstructure and mechanical properties within the SEBM-

built Ti-6Al-4V parts caused by the thermal history experience. It is the author’s hypothesis 

that varying the build geometry and build height might influence the thermal history experience 

and as such produce a more uniform microstructure throughout the build height. As such 100 

mm tall samples with different geometries, namely, I-shaped, A-shaped and V-shaped were 

vertically fabricated using the EBM A2XX system. More details on the samples can be viewed 

in section 3.4. 

 

6.2.1 Columnar grain width  

 

The average values of the columnar grain width measured from the I-shaped, A-shaped 

and V-shaped samples are shown in Figure 6.1. It is noteworthy to point out that the measured 

values consist of a mixture of columnar grain and sub-columnar grain widths. The mean value 

of the columnar grain widths measured were in the range of 45 - 50 µm for the three samples. 
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Figure 6.1 Plots of the columnar grain width within the various sample position 

 

The results show that the columnar grain widths are generally coarsest at position 3 for 

all three samples. A rationale for the coarse columnar grains at middle sections may be due to 

the turning point in the cooling rate experienced during layerwise deposition process. There 

are three main paths where heat is lost during the SEBM process. Firstly, vertically downwards 

through the build start plate via heat conduction. Secondly, radially through the surrounding 

sintered powder and lastly vertically upwards via thermal radiation. Initially, at positions 1 and 

2 (lower section), the influence of the stainless steel build start plate resulted in a higher cooling 

rate. This is due to the stainless steel having 3 times of the thermal conductivity than that of 

the titanium alloy. However, at position 3 (middle section) the heat is no longer dissipating 

effectively through previously deposited layers due to the increasing distance from the start 

plate. With increasing distance away from the start plate, the majority of the columnar grain 

widths in position 4 and 5 (upper section) are finer as compared to position 3. This suggests 

that a higher rate of cooling was experienced in this position. This may be due to the radial heat 

dissipation via the cooler surrounding sintered powder bed. It is worthwhile to note that for the 

A and V-shaped samples the β interspace is coarsest in position 3 before becoming gradually 
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finer. In addition, the β interspace within the columnar grains is, in general, coarser at position 

1 (bottom section) as compared to position 5 (top section) as shown in Table 6.1. The 

coarsening of the β interspace at position 1 is likely due to the longer exposure to the build 

temperature of 600 - 650 oC. Figure 6.2 shows representative micrographs of the bulk section 

of the samples taken at different build heights. 

 

Table 6.1  Summary of columnar grain width and β interspace of the different samples. 
 Columnar grain width (µm)  interspace (µm) 

Position I-shaped  A-shaped  V-shaped  I-shaped A-shaped  V-shaped  

S5 41.4 ± 16.8 48.7 ± 15.0 41.7 ± 17.6 0.381 ± 0.1 0.301 ± 0.1 0.358 ± 0.1 

S4 44.7 ± 20.1 40.2 ± 11.7 43.5 ± 15.2 0.436 ± 0.1 0.426 ± 0.1 0.419 ± 0.1 

S3 49.1 ± 19.6 48.6 ± 24.6 53.9 ± 17.6 0.438 ± 0.2 0.491 ± 0.1 0.503 ± 0.1 

S2 44.6 ± 21.8 39.9 ± 15.5 41.7 ± 17.4 0.481 ± 0.1 0.469 ± 0.1 0.471 ± 0.1 

S1 40.7 ± 16.0 40.9 ± 16.0 44.2 ± 13.8 0.509 ± 0.1 0.448 ± 0.1 0.411 ± 0.1 
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Figure 6.2 Representative micrographs of the bulk section taken at different build 

heights with a magnification of 10x. The scale bar for the figures are shown in figure 

(c v). 

6.2.2 Grain growth angle  

 

An indicator to identify the competition among the columnar grains could be the grain 

growth angle. The grain growth angle is defined as the angle deviation between the grain 

growth direction with the build direction as shown in Figure 3.8. With the competition between 

columnar grains, it can be expected that the grain growth angle would decrease with the build 

height since the better orientated grains would impede the growth of lesser well-orientated 

grains.  

A plot of the grain growth angle against the build direction for the various samples is 

shown in Figure 6.3 (a-c). The average grain growth angle for the I-shaped, A-shaped, and V-

shaped samples are 5.5 o, 6.25 o and 5.5 o, respectively. From the finite element (FE) 
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simulations, it can be observed that the thermal gradient is largest along the build direction. 

Thus, it can be assumed that the prior-β columnar grains will grow in the direction of the 

thermal gradient. Prior EBSD studies have also reported that the prior β columnar grains have 

a strong (001)β crystal orientation [92, 240]. Despite the direction of the thermal gradient to be 

along the z-axis, the slight deviation in angle is likely due to the moving melt pool during the 

selective melting process. 

The average grain growth angle of the I-shaped and A-shaped sample does not show 

any significant trend with the increase in the build height as shown in Figure 6.3 (a) and (b). 

However, in the V-shaped sample, there is a decrease in average grain growth angle with an 

increase in build height. The higher grain growth angle in the V-shaped sample in position 1 

and 2 is likely due to grain nucleation from the contour region as reported in earlier studies 

[92]. The heterogeneous nucleation of columnar grains as observed in the earlier studies were 

found to grow competitively with the better orientated columnar grains within the bulk section 

[92]. With the increase in build height, the better orientated columnar grains out-grew the 

columnar grains that nucleate from the contour section. This could explains why the measured 

grain growth angle reduces with increasing build height in the V-shaped sample as shown in 

Figure 6.3 (c). 
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Figure 6.3 (a-c) Grain growth angle along the built height across the three geometry 

 

 

6.2.3 Phase analysis 

 

X-ray diffraction (XRD) analysis was conducted on the samples to investigate the 

crystallographic orientations of phases. Slices of the material were cut approximately 5 mm in 

thickness from each position for crystallographic texture analysis to analyse the texture 

evolution with build height. The sample size of positions 5 and 1 from the A-shaped and V-

shaped respectively were too small to be analysed as such data for the two positions were not 

obtained. 

Three peaks designating (101̅0), (0002) and (101̅1) crystal planes are selectively 

highlighted in Figure 6.4, due to their strong peak intensity with respect to the other crystal 

planes. These planes are coincidentally are the prismatic, basal and pyramidal planes 

respectively within the HCP crystal structure of α-Ti phase. 
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It can be observed that the (0002)α peak varies obviously with the various positions. In 

the A- and V-shaped samples, it can be observed that the (0002)α peak is weak in sample 

position with a smaller cross-sectional area (i.e. position 4 and 2 in A- and V-shaped samples, 

respectively) as compared to those with a larger cross-sectional area (i.e. position 1 and 5 in A- 

and V-shaped samples, respectively). The strength of the (0002)α peak correlates well with the 

increase in sample cross sectional area. Moreover, it can be observed that the I-shaped samples 

has stronger (0002)α peak intensities as compared to the A-shaped and V-shaped samples. 

 

 

Figure 6.4 Peak count intensity differences among the three SEBM-built Ti-6Al-4V 

geometries with varying built heights. (a) X-ray diffraction (XRD) profiles of A-

shaped, I-shaped and V-shaped geometries with varying build heights.  
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6.2.4 Crystallographic texture analysis 

 

Crystallographic texture analysis was conducted on the block sample to obtain the 

texture strength of the three crystallographic planes (i.e. (101̅0), (0002) and (101̅1)) to 

investigate the relationship between texture strength and build height. 

It can be observed from the (0002)α pole figures shown in Figures 6.5 and 6.6 that the 

strength of the texture was increased with build height. Corresponding micrographs also show 

that initially at Position 0, the competition between the columnar grains is the most evident. 

From the Burger’s relationship in titanium alloy,  it was understood that the (0002)α plane was 

transformed from the (101)β plane. The schematic of the Burger’s relationship of  phase 

transformation is illustrated in Figure 6.5 (c). 
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Figure 6.5 (a) XRD pole figures of A-shaped, I-shaped and V-shaped geometries 

with varying build height. (b) Schematic of the varying sample positions. (c) 

Schematic of the Burger’s relationship between the (101)β to (0002)α crystal 

orientation for titanium alloy.  
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Figure 6.6  (a) XRD <001> inverse pole figures of A-shaped, I-shaped and V-

shaped geometries with varying build heights. (b) Schematic of the varying sample 

positions. (c) Schematic of the stereographic triangle with the observed pole 

orientations labeled. 
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6.2.5 Layer banding phenomenon 

 

Given the SEBM’s layer-by-layer build process, distinct periodical layer bandings are 

also observed within the as-built Ti-6Al-4V samples through OM as shown in Figure 6.7. These 

layer bands are also observed to curve upwards within one millimeter from the contour. The 

top-most region of the sample is a representation of the microstructure evolution prior to 

prolong exposure to the high elevated build temperature.  

Figure 6.7 shows that there are distinct microstructures around the layer banding at the 

top most region. The periodic layer band consists of a fine duplex α+β microstructure (white 

region) and coarse duplex α+β microstructure (dark region). In the region above the layer band, 

the β phase shows up on the SEM micrograph as fine dots.  

Figure 6.8 illustrates the possible transformation of the microstructure with the addition 

of each layer. Figure 6.8 i shows a 3D model of the part and the respective heat affected zones 

caused by the melt pool.  Figure 6.8 iii, iv and v shows the step by step addition of the heat 

affected zone as the electron beam is melting along the longitudinal and traverse directions. 

Based on the numerical modelling done and experimental validation it is concluded that the 

geometry influences the heat affected zone depth caused by the melt pool. This difference led 

to the periodic layer bandings observed. In the case of a square sample, the periodic layer 

bandings was observed to be of 50 µm spacing and the dark region is limited to a line under 

OM.  
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Figure 6.7 Micrographs of the microstructure showing the difference across the 

layer bands; (a) OM image of the microstructure showing the locations of interest. 

(b) SEM micrograph of the same region. (c) i - vi  SEM images taken from various 

location at 5000x magnification, respectively. 

 

 

 



167 

 

 

Figure 6.8 Schematic of the formation mechanism of the non-uniform periodical layer 

banding. 

 

Additionally, such layer banding has been observed through OM to study the columnar 

grain growth within the bulk region. The different contrast of the regions is due to the different 

degree of etching. Differences in crystal orientation of the grain has been known to result in 

such contrast differences during the etching process. In Figure 6.9, it can be observed that the 

layer bandings are approximately 100 µm spaced apart to one another. The columnar grains 

have been observed to be interrupted by such layer bandings as observed from the difference 

in the dark regions. 
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Figure 6.9 OM images showing the grain nucleation and elimination phenomenon 

in SEBM of Ti-6Al-4V; (a), (b), (c) OM images shows evidence of grain nucleation 

and termination with each deposited layer (c) which enables the growth of sub-

columnar grains with similar crystallographic orientation. (d) OM image of the 

columnar grain morphology in SEBM-built Ti-6Al-4V and (e) with highlighted 

grain boundaries. 
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6.3 Discussion 

 

6.3.1 Competitive grain growth in SEBM-built Ti-6Al-4V 

 

The study of grain growth behavior has been a topic of interest to material scientists for 

a long time. This study is important because grain morphology and size have a direct influence 

on the mechanical properties of the material. A classical model for grain growth is the 

competitive grain growth mechanism.  

A prior study [92] studied on the crystallographic texture evolution with build height 

has shown that the reconstructed <001>-orientated  grains on the average have the greatest 

growth advantage with each subsequent layer through the increased in (001)β texture intensity 

obtained via EBSD analysis. However, the machine used to fabricate their samples was an early 

version of the EBM machine (Arcam S-12), and the samples were only 30 mm in height. Based 

on other researches, it is known that the different generation of machine and the difference in 

build height are likely to result in differences in the microstructure [11, 45, 143]. This is largely 

due to the rapid development of the technology and the different paths of heat dissipation. As 

such, this study is important to investigate further whether this phenomenon exists in the SEBM 

process for larger parts. 

Based on the experimental results in this chapter and from a prior study, it may be 

concluded that the classical model for competitive grain growth applies in the case for SEBM-

built Ti-6Al-4V parts. Numerical simulations of the thermal gradient as shown in Figure 6.10 

indicate that the dominant thermal gradient is along the build direction (Z-axis). Based on the 

simulation the thermal gradient for the various geometries at the start of solidification (Tliquidus= 

~17000C) is 8.5  106 K/m, 8.1  106 K/m and 8.9  106 K/m for the A-, I- and V-shaped 

samples, respectively. The cooling rate was also simulated to be 233000 K/s, 237000 K/s and 

228000 K/s for the A-, I- and V-shaped samples, respectively. 
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Figure 6.10  Simulated thermal gradient and the cooling rate curve for different 

sample shapes. 

 

 

Experimental evidence has shown that the grains that grow parallel to the build 

direction outgrew neighboring grains that are less well-orientated as in Figure 6.9 (d). The 

direction in which the grain grows indicates the growth of the grains during the rapid 

solidification process (~1990 - 1880K) and it is unaffected by subsequent exposure to the 

elevated temperature. As such it provides a glimpse of the grain selection mechanism during 

the rapid solidification process.  

Firstly, the grain growth angle measured from the three geometries was either decreased 

with  increasing build height or remained at the same. Furthermore, Figure 6.9 (d) shows that 

(b) (c) 

(a) 

A-Shape 
I-Shape 
V-Shape 

A-Shape 
I-Shape 
V-Shape 
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the columnar/sub-columnar grains with a high grain growth angle were stopped by the 

neighboring grains. Additionally, based on Walton and Chalmer’s model, it might be expected 

that the columnar grain width should continue to increase with increasing build height. 

However, this is not observed in the samples. This suggests that the competitive grain growth 

phenomenon is not the dominant factor that governs the width of the columnar grain. A possible 

factor is due to the variable cooling rates. Cooling rate is known to affect the grain size [67] 

Factors that may affect the cooling rate are the geometry of the melted region as investigated 

previously and the geometry of the moving melt pool. The simulations conducted have shown 

obvious differences in the cooling rate experienced by the various geometries.  

Secondly, texture analysis conducted via the XRD technique also showed that the 

strength of the <0002>α texture was enhanced with build height for the I- and V-shaped 

geometries. The presence of the <0002>α texture is commonly observed in sheet rolled titanium 

at room temperature. Early research on cold rolled commercially pure (CP) titanium regarding 

the transition of texture due to phase transformations has shown that at room temperature the 

dominant crystallographic texture of the annealed CP titanium has the <0002>α texture while 

at high temperature (950 oC) the rolled CP titanium has the <001>β texture [241]. This suggests 

that there might be a relationship between the two orientations. However, there have not been 

any direct evidence to support it. The absent of the <110>β texture in the rolled CP titanium at 

high temperature which is expected according to Burger’s relation is also not well explained.  

With regards to SEBM-built Ti-6Al-4V, publications often report that variant selection 

does not exist due to the weak α-phase texture in the as-built material [26, 92]. As such a 

theoretical reconstructed β phase is often presented to have a strong <001>β texture due to the 

<001> crystal orientation being the preferred direction of growth in cubic metals [26, 92, 240]. 

However, a recent publication on SEBM-built Ti-6Al-4V has also shown that the reconstructed 

β grains from EBSD images do not show a clear (001)β unlike those shown in prior studies. It 
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is also observed that in SEBM-built Ti-6Al-4V the <0002>α texture close to the build direction 

was preferentially selected and variants that were perpendicular to the build direction 

disappeared after the hot isostatic pressing (HIP) process [143]. This suggests that <0002> α-

phase texture in the bulk material may be preferentially formed in the samples that were 

experienced elevated temperatures which enables annealing effect.  

In the case of the I-shaped sample, it can be observed that the preferential growth of the 

<0002>α is not only influenced by the cross-sectional geometry but also across the build height. 

This suggests that another factor is influencing the preferential texture transformation. Given 

the lack of capability to perform in-situ XRD, it would be difficult to prove whether the 

strengthening of the (0002)α with build height is related to the <001>β orientation that is 

preferred by the prior-β grains. 

 Numerical simulations have thus been conducted to better understand the competitive 

grain growth phenomenon. Based on Figures 6.11 and Table 6.2, it can be observed that the 

classical definition of the competitive grain growth is not being obeyed at all times. The 

findings from the simulations thus point to possible cases where non-classical competitive 

grain growth can occur. It is important to note that the author has not managed to find such 

cases yet though microscopy techniques. As such, it is the opinion of the author that the grain 

selection phenomenon in the SEBM process most likely follows the classical definition of 

competitive grain growth mechanism.  
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Figure 6.11  2D simulation of the grain growth after time = 0.00031s 

 

Table 6.2  Simulated grains with their respective grain orientations. 

Grain 1 2 3 4 5 6 7 8 9 10 

Orientation (o) 4.5 11.3 -13.1 -12.2 1.9 2.7 -16.6 16.3 -9.4 2.3 

           
Grain 11 12 13 14 15 16 17 18 19 20 

Orientation (o) 2.7 6.7 9.8 -18.3 -2.1 4.8 7.2 4.0 18.8 -2.7 

           
Grain 21 22 23 24 25 26 27 28 29 30 

Orientation (o) -11.9 -1.8 -13.8 16.1 -0.6 9.3 -0.4 15.9 0.8 -18.6 

           
Grain 31 32 33 34 35 36 37 38 39 40 

Orientation (o) 10.8 14.7 -2.5 0.6 -0.3 -1.8 -10.5 -6.9 2.6 -5.0 

           
Grain 41 42 43 44 45 46 47 48 49 50 

Orientation (o) -0.6 1.6 -10.3 -10.2 -14.2 1.6 16.6 -10.5 -15.6 -8.9 
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6.3.2 Layer banding formation mechanism  

 

The formation of the layered microstructure within metallic additive manufactured 

alloys was commonly reported [21, 242]. The common characteristic between the reported 

layered microstructure is that the repeating pattern has approximately the same thickness as 

each build layer thickness and also that the top layer that precedes the layer banding is often 

free from layer bandings. The layer bands have been reported to be formed by the eutectoid 

reaction when a single solid phase transitions into two other solid phases [242]. 

Though based on Figure 6.7, it can be observed that the thickness of the layered 

microstructure formed in the sample is not uniformly spaced. It is proposed that this is due to 

slight differences in depth of the heat affected zone due to the rectangular geometry of the 

sample. Numerical simulations were done to investigate the effect of build geometry on the 

melt pool. The results in Figure 6.12 (a) and (b) show that there are indeed differences in the 

melt pool that may have contributed to the uniform periodical layer bandings. 

 

Figure 6.12  Numerical simulation of the melt pool; (a) shows the heat affected zone 

(HAZ) of the longitudinal (10 mm) scan had a melt pool width of 690 m and a 

depth of 270 m while (b) shows the HAZ of the transverse (5 mm) scan had a melt 

pool width of 845 m and a depth of 300 m. 

 

  

Single pass of 10 mm length Double passes of 5 mm length 

(a) (b) 690 m wide  845 m wide  
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6.3.3 Formation of sub-columnar grains 

 

It is found that the difference in the melt pool geometry is likely to lead to a disruption 

to the columnar grain growth which may result in the formation of defects. For example, the 

formation of sub-columnar grain boundaries within a larger columnar grain. The sub-columnar 

grain being of a slightly differed crystal orientation is proposed to grow with a slight deviation 

from the build orientation, resulting in the morphology shown in Figure 6.9 (d). It can also be 

observed that the grain that grows along the build direction outgrows the grain that is less well-

orientated. This further support that the classical competitive growth is obeyed. The formation 

of the sub-columnar grains is currently not yet well understood though it suggests that 

differences in the melt pool geometry can be utilized to promote finer columnar grains within 

the SEBM-built Ti-6Al-4V. 
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6.4 Conclusions 

 

The experimental results have shed more understanding on the grain growth behavior 

of SEBM-built titanium alloy. Based on these experimental observations, it can be concluded 

that the classical model of competitive grain growth applicable to the SEBM-built Ti-6Al-4V 

alloy.  

Grain growth misorientation angle along the build direction in the A- and V-shaped 

samples was decreased with increasing build height. This indicates a grain selection process 

occured during the rapid solidification process of the SEBM-built Ti-6Al-4V alloy. The grain 

growth misorientation angle was ranged from 4 o to 7 o with regard to the build direction. XRD 

results showed that the (0002)α peak varies with sample position and cross-sectional area. There 

is a possible connection between the <0002>α and the <001>β crystallographic orientation 

based on the Burger’s relation implying that a strong <001> crystollographic texture was 

acompanied with a strong (0002)α peak. Pole figure analysis also showed a stronger 

crystollographic texture with increasing build height. This is consistent with the classical model 

of competitive grain growth phenomenon. Less well-orientated grains were systematically 

eliminated with increasing build height by better-orientated grains. Additionally, layer 

bandings were observed to cause the formation of sub-columnar grain boundaries defects 

within the columnar grains. The sub-columnar grains that not grown along the preferred 

orientation were eventually eliminated by better-orientated columnar grains. 
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Chapter 7: Conclusions 
 

The investigations on anisotropy and heterogeneity of SEBM-built Ti-6Al-4V alloy 

carried out in this thesis are best summarized into two sections. Firstly, the study of the 

microstructure and the mechanical properties of the build thickness-dependent samples, 

discussed in Chapters 4 and 5, provides insights into the microstructural evolution phenomenon 

that occurs during the melting and rapid solidification process layer by layer and its effect on 

the mechanical properties. It is about the issue of heterogeneity. Secondly, the study of the 

microstructure and the mechanical properties of the build height-dependent samples, discussed 

in Chapters 5 and 6, provides insights into the grain selection phenomenon that occur during 

the layerwise material deposition process and its effect on the mechanical properties. It is about 

the issue of anisotropy. The conclusions from these chapters are summarized as below: 

7.1 Study on phase identification and transformation (Chapter 4) 

 

• The work demonstrates that α′ martensite is first formed in SEBM processing of Ti-

6Al-4V regardless of build geometries. FEM simulations also find that the temperature 

profiles and cooling rates are favorable for the formation of martensite. This provides 

the possibility to further improve the mechanical properties of EBM-built Ti-6Al-4V 

alloy via a mixed microstructure of α/β and α'.  

• The formation and decomposition of α′-Ti martensite were also investigated structurally 

and chemically, with a view to enrich the knowledge on martensite in titanium alloys. 

Numerous micro-twins also occurred inside both α and α' phases. 

• Quantitative microstructural characterization found that β phase interspace and β 

volume fraction constantly increases with the build thickness, meanwhile the Vickers 

microhardness was decreased accordingly. Simulations of the temperature profiles 
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inside the samples showed that thicker samples underwent a higher average temperature 

compared to thinner samples. 

•  The hcp α phase and bcc β phase were identified by XRD and TEM. The lattice 

constants are a = 0.293 nm and c = 0.467 nm for α phase and a = 0.320 nm for β phase, 

respectively. The β phase formed as discrete flat rods embedded in continuous α phase 

and its volume fraction was determined to be ~3 - 4%. Quantitative examination of the 

elemental partitioning and segregation behavior at the α/β interface was also conducted. 

7.2 Study on effects of build geometry on the microstructure and mechanical 

properties of  SEBM-built Ti-6Al-4V (Chapter 5) 

 

• A mixed microstructure of alternate α/β with acicular α' martensite is observed inside 

the 1mm sample, while only fully decomposed alternate α/β microstructure is observed 

in the 5 mm, 10 mm and 20 mm samples. The selective melted geometry and in-fill 

hatching strategy have significant effects on the microstructure and mechanical 

properties of as-SEBM-built Ti-6Al-4V parts. 

• In the 25 mm high sample, graded Ti-6Al-4V microstructure including varying prior β 

grains and β phase interspace was seen, i.e. near-equiaxed prior β grains as well as the 

equiaxed-to-columnar transition region at the initial several build layers and the 

subsequent columnar prior β grains with increasing grain width and β rod interspace. 

The coarser columnar microstructure mainly arises from the decreasing cooling rate. In 

addition, an increasingly pronounced strain hardening effect was observed with the 

rising build height as the previously built layers were subject to a longer annealing 

compared to the subsequent layers.  

• Selective melted geometry and in-fill hatching strategy have significant effects on the 

microstructure of as-SEBM-built Ti-6Al-4V parts. The effects can be observed from 

the amount of martensitic phase between the curve and block parts and the 
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microstructure, morphology and mechanical property variation among the different 

structures with different thicknesses.  

• Graded mechanical properties of Ti-6Al-4V with degraded microhardness and tensile 

properties were also observed from bottom to top of the 25 mm high sample, i.e. 

increasing microhardness, yield strength and ultimate tensile strength and elongation as 

the build height rises. A good agreement with the Hall-Petch relation indicates that the 

graded property takes place mainly due to the graded microstructure.  

• Despite that the α/β interface strengthening was thought to play the primary role in 

determining the strength of SEBM-built Ti-6Al-4V that possesses a multiscale 

microstructure with cellular colony and basket-weave morphology. The β grain 

refinement strengthening seems to be more effective as the prior β grain boundaries 

could absorb a higher amount of dislocations in comparison with α/β interfaces. 

7.3 Study on columnar grain growth in SEBM-built Ti-6Al-4V parts (Chapter 6) 
 

• Overall, in the SEBM process, the coarse columnar grains obey the classical 

competitive growth mode throughout the various build heights of the samples 

fabricated. It is worthwhile to note that FEM simulations suggest that non-classical 

competitive grain growth is a possibility. This finding suggests the possibility to 

fabricate near single crystal materials from the SEBM process, due to the favorably 

orientated grain being dominant throughout the build height. 

• There exists a low grain growth angle that ranged from 4 to 7 o from the build direction. 

The grain growth angle in the various samples alsowas decreased with increasing build 

height to varying extent. 

• XRD results show that the (002)α peak varies with sample position and cross-sectional 

area. There is a possible link between the <0002>α and the <001>β crystallographic 
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orientation based on prior research, indicating the observation of the following two 

orientations in rolling operations. Pole figure analysis also shows a stronger 

crystallographic texture with increasing build height for the I- and V-shaped samples. 

FEM simulations indicate that the thermal gradient along build direction for the A-

shaped sample to be the weakest and could be a reason for the lesser texture strength. 

• Layer bandings are observed to cause the formation of sub-columnar grain boundaries 

defects within the columnar grains. The sub-columnar grains were observed to grow 

with a slight grain growth angle before being eliminated by better-orientated grains. 
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Chapter 8: Suggestions for future work 

 

The SEBM process is a valuable metal AM manufacturing process. This study has 

provided a better understanding of the microstructure evolution of SEBM-built titanium alloy 

via experimental and numerical simulation results. This chapter discusses the potential research 

for further investigation and they are discussed below: 

 

1. In this current study, the microstructure and mechanical properties have been 

investigated primarily on a single part. However, SEBM is capable of nesting several 

parts in the vertical direction. Nesting of parts is unique to SEBM technology and can 

improve production throughput. It is thus important to investigate the microstructure 

and mechanical properties of such nested parts. 

2. Developing new materials for the SEBM process is equally important to validate the 

existing knowledge and to discover new phenomena that are inherent to the metal AM 

process. A possible research would be the development of single crystals or near single 

crystal materials, given the high thermal gradient along the build direction.  

3. Based on Chapter 6, numerical simulations has shown that the thermal conditions in 

the SEBM process provide favorable conditions for non-classical competitive 

columnar grain growth. Further studies on the competitive grain growth mechanism in 

SEBM will provide a deeper understanding of the phenomenon. 

4. Numerical simulation of the microstructure evolution in metal AM process has proven 

to be useful in validating many of the experimental observations. Development of an 

application for metallurgist/material scientists to simulate such phenomena effectively 

would be useful and important for the development of metal AM. Additionally, 
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sensitivity analysis of the variables and their effects on the thermal profiles in SEBM 

process can be investigated. 

5. Lastly, the effects of other build pre-heat temperature on the microstructure 

observations made in this study can be further investigated. This would provide a 

deeper understanding of the heterogeneity microstructure in the EBM-built Ti-6Al-4V. 

Other mechanical tests such as fatigue and fracture analysis would also provide a more 

comprehensive view on how the heterogenous microstructure influence the mechanical 

properties as well. 
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