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Abstract 

 

Selective laser melting (SLM) technique is a promising 3D printing technique used in the 

aerospace application, amongst other additive manufacturing (AM)  techniques. Parallel to 

SLM, Ti6Al4V is a suitable alloy in the aerospace industry because of the advantages it 

offers which include superior combination of strength and reduced weight. The advantages 

of producing Ti6Al4V by SLM manufacturing process results in an increasing demand of 

SLM Ti6Al4V parts in the industry. The AeroswiftTM SLM machine, available at Council 

for Scientific and Industrial Research (CSIR), is capable of producing components using 

high speed and high-power laser of up to 5 kW. 

 

The ability of AeroswiftTM machine to print components using high speed and power, result 

in accelerated production of high precision parts, which leads to reduced production times. 

However, because of high cooling rates together with large thermal gradients that 

accompany the SLM technique, the produced components exhibit an acicular martensitic Ŭ-

phase. The martensitic Ŭ-phase (which leads to low ductility) formed during the production 

of SLM produced Ti6Al4V components make their components not to achieve the same 

mechanical properties compared to their wrought counter parts. 

 

This study is aimed at using post heat treatment to overcome challenges presented by SLM 

process by improving the microstructure and mechanical properties of Ti6Al4V coupons. 

Ti6Al4V samples were produced on a high-speed powder bed AeroswiftTM machine and 

then heat treated under different conditions. Microstructural and phase analyses were 

performed by using optical microscope (OM) and the scanning electron microscope (SEM). 

Mechanical properties of the samples were evaluated by performing Vickers micro-hardness 

and tensile tests. 

 

The as-built microstructure was characterized by large columnar prior ɓ grains. Sharp 

acicular martensite Ŭ-phase was found inside the prior ɓ grains. Heat treatment was applied 

to the as-produced samples to transform the metastable martensitic Ŭ  structure into stable 

phases, thereby improving the microstructure. 
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It was found that heat treating at 700°C does not transform the martensitic Ŭ-phase. Heat 

treating at 950°C and 1000°C transformed the martensite Ŭ-phase into fully lamella Ŭ + ɓ. 

Moreover, 1000°C changed the columnar ɓ grains to equiaxed morphology. The hardness 

was found to decrease with increasing heat treatment temperature. Furthermore, heat 

treatment at 1000°C followed by water quenching (WQ) and air cooling (AC) initiated 

formation of a finer martensite Ŭ-phase which resulted in increased hardness. Heat treating 

at 1000°C for 2 hrs, cooling by furnace cooling (FC) improved the ductility to at least 13%. 

Furthermore, yield strength (YS) and ultimate tensile strength (UTS) were found to have 

decreased after heat treatment. 
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Chapter 1 : Introduction  

 

This chapter gives background knowledge on selective laser melting (SLM) of Ti6Al4V alloy. 

The effect of heat treatment on SLM produced Ti6Al4V into producing an improved bimodal 

microstructure is highlighted. The research gap, problem statement and research objectives are 

defined, and the hypothesis is given. Lastly, the dissertation structure is reported. 

 

1.1 Background 

 

1.1.1 Metal additive manufacturing  

 

Metal additive manufacturing (AM)  is an emerging technology that provides advantages such 

as energy savings, material savings and high efficiency, to several industries (Lee et al., 2017; 

Sabban et al., 2019). AM is highly recognised because of its ability to deposit material 

successfully, at designated targeted areas, and by coherently delivering either laser or electron 

beam on it. Consequently, the powder is melted and solidifies, thereby enabling manufacturing 

of high precision components (Lee et al., 2017). AM processes are identified primarily by the 

type of an energy source they use to consolidate the depositing materials, and the way in which 

the deposited material is fed during manufacturing (Hrabe et al., 2013; Leuder et al., 2013). 

 

The function of the laser or electron is to melt pure metals or alloys of definitive particle size 

range (0.6-400µm) during manufacturing, leading to the development of either laser or electron 

beam melting AM process. Material can either be overlaid or blown before melting, leading to 

either pre-placed or powder blown platform classification (Hrabe et al., 2013). Laser 

technologies have attracted interest in various manufacturing industries and research fields; 

hence one of the AM technologies, in this case, selective laser melting was used to achieve the 

objective of this research work. 

 

1.1.2 Selective laser melting 

 

In selective laser melting (SLM), a laser is used to melt various metal powders. The SLM 

technique uses computer aided design (CAD) models to produce parts layer upon layer (Sallica-

Leva et al., 2016; Chicos et al., 2018; Zhang et al., 2018). SLM products, such as aircraft 
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turbines, pressure vessels and surgical implants, are used in the aerospace, automotive, 

biomedical and other technology industries, respectively (Jovanovic et al., 2006; Yaidroitsev 

et al., 2014; Tong et al., 2017). SLM has become a preferred technique because of its 

advantages which include manufacturing of complex, finished shapes and material, 

furthermore, the process is time saving (Yadroitsev et al., 2014; Wang et al., 2016).  

Furthermore, SLM is capable of accommodating many alloy powders including, stainless steel, 

cobalt, and chromium (Rafi et al., 2013; Gong et al., 2014; Dong et al., 2017). In this work 

SLM machine was used to process Ti6Al4V alloy. 

 

1.1.3 Ti tanium and titanium alloys 

 

Over the last 20 years, commercially pure titanium (CP-Ti) and its alloys have attracted more 

interest in the modern fabrications, overriding conventional materials such as steel and 

aluminium (Wysocki et al., 2017). These materials are widely used for the manufacturing of 

metallic components due to their attractive properties of strength, toughness, biocompatibility, 

exceptional corrosion resistance at high temperatures (Wu et al., 2016; Wysocki et al., 2017; 

Shipley et al., 2018). CP-Ti can be mixed with other several elements to develop its 

characteristics.  

 

For example, titanium can be alloyed with aluminium and vanadium to achieve titanium 

aluminium grade 5 alloy called Ti6Al4V which is a widely used and researched material. The 

success of Ti6Al4V is linked to the advantages it offers such as high strength, reduced weight 

and toughness (Teo et al., 2008; Wu et al., 2016; Tong et al., 2017). The two phases of Ti6Al4V 

(Ŭ + ɓ) permit for its structure to be refined during heat treatment. This leads to possible phase 

transformations when the alloy undergoes heat treatment. 

 

1.1.4 Selective laser melting produced Ti6Al4V 

 

Literature shows a considerable difference between SLM Ti6Al4V microstructure and wrought 

microstructure of the same composition (Kasperovich et al., 2015; Ter Haar and Becker, 2018). 

Several studies on the SLM produced Ti6Al4V microstructure have revealed large prior ɓ 

grains that were made of sharp martensitic Ŭ-phase. Studies by Kasperovich et al. (2015) and 

Zhao et al. (2018) compared the microstructure of SLM Ti6Al4V in its as-produced condition 

to that of wrought Ti6Al4V. The observed microstructures are presented in Figure 1.1. 
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Figure 1.1: Microstructures of Ti6Al4V (a) Wrought, (b) SLM (Kasperovich et al., 2015). 

 

Figure 1.1(a) depicts that microstructure of wrought Ti6Al4V components consist of equiaxed 

Ŭ and ɓ grains while the SLM produced Ti6Al4V compose of a sharp acicular martensitic Ŭ-

phase. The acicular martensitic Ŭ-phase is associated with low ductility (elongation less than 

10%) and residual stresses resulting in the compromised mechanical properties. Studies by 

Joshi (2006) and Khorosani et al. (2017) discussed that SLM produced Ti6Al4V components 

do not meet the same material properties compared to their wrought counterparts. To overcome 

this challenge, the SLM produced Ti6Al4V parts are heat treated after production. Heat 

treatment is able to transform the martensitic Ŭ-phase into stable phases and achieve the 

microstructure that is comparable to that of wrought parts. 

 

1.1.5 Heat treatment of SLM Ti6Al4V components 

 

Heat treatment is typically applied to SLM produced Ti6Al4V components to improve the 

microstructure, relieve residual stresses, eliminating the metastable martensitic Ŭ-phase with 

the purpose of obtaining a stable microstructure (Yan and Yu, 2015). This results in 

microstructural improvement that leads to part enhancement. The existence of the two phases 

(Ŭ + ɓ) of Ti6Al4V allows for the transformation between phases during heat treatment leading 

to a variety of microstructures with different and desired mechanical properties (Weiss et al., 

1986; Semiatin et al., 1997; Lutjering et al., 1998). Furthermore, heat treatment improves the 

ductility of Ti6Al4V products manufactured by SLM (Vrancken et al., 2012; Wu et al., 2016). 

Several studies (Ter Haar and Becker, 2018; Zhao et al., 2018; Sabban et al., 2019) have shown 

that a bimodal microstructure achieves excellent strength and superior ductility, and it can be 

achieved by duplex or triple heat treatment strategies. The aim of the current study is to improve 
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the microstructure of Ti6Al4V components produced by SLM process by developing a bimodal 

microstructure using a single heat treatment strategy as opposed to the approach proposed by 

Ter Haar and Becker (2018) and Zhao et al. (2018) who respectively used a duplex heat and 

triple treatment strategies to obtain a bimodal microstructure. This research project 

concentrated on varying heat treatment temperature, cooling methods and heating residence 

time, on high speed SLM produced Ti6Al4V coupons to produce a bimodal microstructure. 

 

1.2 Gaps and significance of the research 

 

Over the years, AM has become a preferred manufacturing technology over traditional 

manufacturing methods due to its cost savings, reliability, material saving and parts accuracy 

(Liu et al., 2016; Zhao et al., 2018). Due to these advantages, there has been an increase in 

demand of high precision geometrical parts (with repeatability) that were difficult or 

impossible to manufacture using conventional methods. The abilities of AM technologies are 

rapidly evolving, hence there are several types of AM techniques that are used worldwide. 

 

AeroswiftTM SLM machine, available at the Council for Scientific and Industrial Research 

(CSIR), is capable of producing components using high speed and power laser of 5 kW. The 

ability of using high speed and power enables increased productivity, while also adding 

scientific  knowledge and understanding of the SLM process. Although AM of Ti6Al4V and 

investigation of its heat treatment is not a new area of study, little is known about heat treatment 

of Ti6Al4V AM components manufactured with SLM at high speed and power. Therefore, this 

study investigated heat treatment effects on the improvement of the microstructure of the 

Ti6Al4V coupons that were manufactured from a SLM machine with high speed and power. 

To the best of the authorôs knowledge, no work has been reported in open literature at the time 

of writing on heat treatment of Ti6Al4V produced by SLM at 5 kW power laser. 

 

1.3 Problem statement 

 

Although AM offers a variety of advantages over conventional methods, there are some 

challenges associated with Ti6Al4V parts manufactured by this technology. The microstructure 

of the as-built Ti6Al4V component is inhomogeneous, different from its wrought counterparts, 

and has high residual stresses that are due to repeated thermal cycles, fast heating and cooling 
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during fabrication (Vilaro et al., 2011; Ter Haar and Becker, 2018) which affect their 

performance. These thermal cycles produce an undesired martensitic Ŭ-phase which alters the 

microstructure and results in undesired changes in mechanical properties, with parts having 

low ductility, low toughness and low cycle fatigue property (Ter Haar and Becker, 2018; Zhao 

et al., 2018; Sabban et al., 2019). This low ductility hinders AM produced parts the potential 

in engineering application such as aerospace industry (Zhao et al., 2018). For industry 

applications, ductility and low circle fatigue need to be improved. 

 

For example, the microstructure of SLM produced Ti6Al4V component obtained by Vrancken 

et al. (2012) is shown in Figure 1.2. 

 

 

Figure 1.2: Microstructure of SLM produced Ti6Al4V (Vrancken et al., 2012). 

 

This type of microstructure is characterized by a sharp acicular martensite Ŭ-phase which is 

associated with low ductility (Chen et al., 2017; Xu et al., 2017; Shipley et al., 2017; He et al., 

2019). Heat treating the parts improve the microstructure of the SLM built Ti6Al4V parts 

leading therefore to a residual stress-free part with improved mechanical properties in ductility 

and fatigue (Yan and Yu, 2015). Proper heat treatment parameters are required in order to 

improve the microstructure because some heat treatments may improve the ductility, however 

at the cost of strength (Zhao et al., 2018). Studies by Ter Haar and Becker (2018) used duplex 

heat treatment strategy and Zhao et al. (2018) used triple heat treatment strategy to obtain a 

bimodal microstructure, which is considered superior balance in strength and ductility. In this 

study, a single heat treatment strategy was implemented by varying temperature, cooling 

method and residence time during heat treatment in an attempt to producing a bimodal 
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microstructure. It is more beneficial to use single heat treatment strategy over duplex and triple 

strategies because it saves both time and energy. 

 

1.4 Research objectives 

 

Heat treatment is known to affect microstructural transformation that governs its effectiveness 

in mechanical properties of SLM Ti6Al4V components. A bimodal microstructure achieves 

good balance of strength and superior ductility. The aim of the study was to produce a bimodal 

microstructure in Ti6Al4V samples produced by SLM method. The microstructure was 

achieved by varying temperature, cooling method and residence time. The research objectives 

were: 

 

¶ Determine the effect of heat treatment parameters (temperature, cooling methods and 

residence time) on the microstructure and mechanical properties of Ti6Al4V parts 

produced with SLM process. 

 

¶ Determine the optimum heat treatment parameters which ensure formation of bimodal 

microstructure and improves mechanical properties including tensile properties in SLM 

fabricated Ti6Al4V. 

 

1.5 Hypothesis 

 

It has been shown that a bimodal microstructure achieves superior tensile ductility Ti6Al4V 

components produced by SLM process. Water quenching from above the critical temperature 

achieves a bimodal microstructure of Ŭ-phase in a matrix of martensite Ŭ-phase. The second 

annealing strategy is required to decompose the unwanted martensite Ŭ-phase (Ter Haar and 

Becker, 2018). Based on this understanding, it is hypothesized that a bimodal microstructure 

can be achieved without using the second annealing strategy (single heat treatment strategy) 

on high speed SLM produced Ti6Al4V components by varying temperature, cooling method 

and residence time. 

 

1.6 Delineations and limitations 
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This research focused on characterising the as-received and heat-treated high speed and power 

SLM Ti6Al4V coupons. The coupons were produced on a continuously pre-heated base plate 

at a temperature of 200°C. Heat treatment was done in an argon protected atmosphere. 

 

1.7 Structure of dissertation 

 

The structure of this dissertation is as follows: 

This chapter discussed the importance of heat treatment on the improvement of SLM produced 

Ti6Al4V samples microstructure and mechanical properties. It captured that an improved 

microstructure can be obtained if heat treatment parameters are appropriately adjusted. Such 

an improved microstructure is known as bimodal microstructure which has better tensile 

properties. 

 

Chapter 2 focuses on literature review and some of the important aspects that are related to this 

study and review important findings that were made by other authors. The processing of 

Ti6Al4V alloys using traditional methods and AM techniques followed by post heat treatment 

is discussed. Chapter 3 gives a detailed description of the experimental procedure. Chapter 4 

presents heat treatment results for process development while Chapter 5 reports on heat 

treatment results obtained using selected heat treatment parameters. Chapter 6 summarises the 

findings and give the recommendations and future work. References and publications are 

included at the end of the dissertation. 
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Chapter 2 : Literature Review 

 

This Chapter focus on revision, findings and important concepts that contribute to the 

knowledge areas of this project. The comparison of microstructure produced by AM and 

traditional methods is reviewed in detail. Improving the microstructure of Ti6Al4V by 

employing different heat-treating strategies is the main focus area. The contribution of heating 

and cooling on microstructural formation is mainly highlighted. Moreover, the possible 

microstructures that can result from heat treatments of Ti6Al4V are also reported. 

 

2.1 Metallurgy of t itanium and titanium alloys 

 

Titanium and its alloys are essential for various structural applications. Their attractive property 

of producing light weight structures have made them more desirable in biomedical, marine and 

automobile industries (Poondla et al., 2009; Shipley et al., 2018). They owe their success to 

their low density of 4.43 g/cm3. Titanium can crystallize in various structures which are 

depicted in Figure 2.1. 

 

 

Figure 2.1: Crystal structures of titanium (a) hcp and (b) bcc (Pederson, 2002). 

 

Titanium crystallizes in a familiar hexagonally close packed (hcp) pattern at room temperature 

as presented in Figure 2.1(a) and they are referred as Ŭ-titanium. When the temperature is 

raised, they crystallize in a stable body centred cubic (bcc) arrangement as presented by Figure 

2.1(b), referred to as ɓ-titanium (Lutjering and Williams, 2007). The presence of the two 
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different structures together with their transformation temperatures is significant to the alloys 

because they form as a foundation for formation of different structures and mechanical 

properties. 

 

2.1.1 Titanium alloying  

 

Alloying is the addition of specific elements to titanium in sufficient quantity to improve its 

material properties. The alloying elements are classified according to the phases that they 

stabilize. For instance, in case of Ti6Al4V alloy, vanadium (V) is responsible for stabilizing 

the b-phase and aluminum (Al ) stabilizes the Ŭ-phase. Elements that added to titanium are 

grouped as Ŭ and ɓ stabilizers or neutral depending their effect on ɓ-transus (Leyens and Peters, 

2003; Lutjering and Williams, 2007). Figure 2.2 demonstrate the influence of titanium alloying 

on ɓ-transus. 

 

 

Figure 2.2: Illustration  of alloying elements transformation temperatures (Leyens and Peters, 2003). 

 

Elements that do not have an impact ɓ-transus are called neutral elements (Figure 2.2a). On the 

other hand, elements that increase or decrease the ɓ-transus are called Ŭ-stabilizers and ɓ 

stabilizers, respectively as depicted by Figures 2.2(b), 2.2(c) (Leyens and Peters, 2003). There 

are two groups of ɓ-stabilizing elements, namely ɓ-isomorphous and ɓ-eutectoid elements 

(Figures 2.2c, 2.2d). The ɓ-isomorphous elements are favourable because they are mostly 

soluble in titanium (Leyens and Peters, 2003). 

 

2.1.2 Classification of titanium alloys 
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2.1.2.1 Ŭ-alloys 

 

Titanium alloys are divided into three groups, namely, Ŭ, Ŭ + ɓ and ɓ alloys. However, near-Ŭ 

and metastable ɓ groups exist as supplementary categories (Leyens and Peters, 2003). These 

types of alloys are characterized by excellent creep and strength. Moreover, the Ŭ-alloys cannot 

undergo a heat treatment process to manipulate their microstructure because of their single 

phased hcp structure. In addition, they are known to have very low ductility and anisotropic 

properties (Weiss and Semiatin, 1999). The stability of Ŭ-alloys occurs at temperatures lower 

than 650°C (Leyens and Peters, 2003). A mixture of this type of alloys with ɓ-stabilizers creates 

sub-division of near-Ŭ group. 

 

2.1.2.2 Ŭ + ɓ-alloys 

 

The Ŭ + ɓ group stabilizes at 450°C. This type of alloys can undergo heat treatment process to 

change the material properties (Leyens and Peters, 2003). When properly heat treated, the Ŭ + 

ɓ alloys can have excellent strength and corrosion resistance along with suitable ductility 

(William et al., 2001; Lutjering and William, 2007). With sufficient ɓ favouring alloy element 

level, transformation to ɓ-phase is produced upon heating and transformed during the cooling. 

In this category, Ti6Al4V alloy account almost 50% usage over commercial alloys (Semiatin 

et al., 1997; Alcisto et al., 2011). 

 

2.1.2.3 ɓ-alloys 

 

The microstructure of this alloys consists mainly of ɓ-phase. They are mostly consumed in the 

aerospace industry. They are characterized by high strength and ductility (Lutjering and 

William, 2007; Ghaderi et al., 2013). Moreover, this group of alloys are characterized by high 

concentrations of ɓ-stabilizing elements. These group of alloys are less stable compared to the 

others and most of them are made of ɓ-phase (Lutjering and William, 2007). 

 

2.1.3 Ti6Al4V alloy  

 

The Ti6Al4V also known as Ti64 is a titanium alloy that is made up of Ŭ + ɓ phases. Ti6Al4V 

is known as the mostly used titanium alloy over other titanium alloys (Semiatin et al., 1997; 

Lutjering, 1999; Alcisto et al., 2011). The microstructure of the alloy consists of Ŭ and ɓ-phases 
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at room temperature (Pederson and Babushkin, 2003), with 90% volume fraction of Ŭ-phase 

(Facchini et al., 2010). Heat treating this alloy can result in the manipulation of its 

microstructure which gives improved mechanical properties (Sieniawski, 1997; Lutjering, 

1999; Markovskya and Semiatin, 2011).  Physical properties of Ti6Al4V are shown in Table 

2.1. 

 

Table 2.1: Physical properties of Ti6Al4V (Yan and Yu, 2015). 

Physical property Value 

Density of solid (ɟ)        4.43 g/cm3 

Density of liquid (ɟ)        3.89 g/cm3 

Solidus temperature            1604°C 

Liquidus temperature            1660°C 

 

Ti6Al4V is widely used in aero-engine, space shuttles and other high-performance applications 

(Lutjering and William, 2007). In the aerospace industry, Ti6Al4V alloy is significant for 

structural materials (William and Starke. 2003). The mechanical properties of Ti6Al4V are 

given in Table 2.2. 

 

Table 2.2: Mechanical properties of Ti6Al4V (Yan and Yu, 2015). 

Mechanical property       Value 

Tensile strength, yield (♬)     880 MPa 

Tensile strength, Ultimate (UTS)     950 MPa 

Elongation (Ў)     14% 

Hardness     349 HV 

Young modulus (E)    113.8 GPa 

Fatigue strength (at 1*107 cycles)    240 MPa 

Fatigue strength (unnotched at 1*107 cycles)    510 MPa 

Fracture toughness    75 MPa 
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2.1.4 Phase diagram of Ti6Al4V 

 

The microstructure of Ti6Al4V is mainly dependent on how Ŭ + ɓ phases are dispersed. A 

Ti6Al4V phase diagram can be used to understand the behavioral relationship and phase 

transformations of the alloy. The phase diagram of Ti6Al4V is shown in Figure 2.3. 

 

Figure 2.3: Phase diagram for Ti6Al4V  (Majumdar  et al, 2019). 

 

The two phases of Ti6Al4V alloy (Ŭ and ɓ) allows its composition to fully transform to ɓ-phase 

upon heating but return to Ŭ-plus or retained/transformed ɓ-phase upon cooling as depicted by 

Figure 2.3. The ɓ-transus is defined as the temperature whereby other phases transform to full 

ɓ phase. The ɓ-transus temperature will be discussed in detail in Section 2.5.2. The other 

important temperatures that are indicated on the phase diagram are the martensite start (Ms) 

and martensite finishes (M f) which represents the temperatures where martensite 

transformation starts and finishes. 

 

2.2 Manufacturing of Ti6Al4V  alloy 

 

2.2.1 Traditional methods 

 

Conventional methods are used to manufacture titanium and its alloys. These techniques 

include casting, forging and powder metallurgy (PM). There are several disadvantages of these 

techniques that make their processes undesirable in the manufacturing industry. Materials 
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wastage, long production times and high tooling costs are amongst some of the disadvantages. 

In addition, manufacturing of complex structures is not possible with the conventional methods 

(Boyer and Briggs, 2005; Alcisto et al., 2011). During the last decade, AM technology has 

been developed and intensively investigated for manufacturing of various metallic materials 

for various applications, especially Ti6Al4V alloy (Kasperovich and Hausmann, 2015). The 

AM technologies offer many advantages over conventional methods because of their improved 

design freedom (Tiferet et al., 2016; He et al., 2019). 

 

In terms of microstructures, AM techniques produce microstructures that are different to the 

ones produced by traditional methods. According to Yan et al. (2018), the Ti6Al4V 

microstructure produced by PM is homogeneous due to the low cooling rates used by most 

sintered practices. However, porosity is still a major problem on the as-sintered microstructure. 

 

2.2.2 Additive manufacturing techniques 

 

American Standard Testing Method (ASTM) F2921-11 defines AM as a manufacturing 

method that opposes conventional methods, whereby objects are made by joining material layer 

upon layer from control aided design (CAD) data. There are various AM techniques that exist 

but most of them differ according to material feedstock. The AM techniques allow for greater 

freedom of design, geometrical freedom and material flexibility (Hrabe and Quinn, 2013). AM 

involves taking information from CAD models to manufacture 3D components. The next 

sections focused on some of AM techniques used today. 

 

2.2.2.1 Electron beam melting (EBM) 

 

It was mentioned in Section 2.2.2 that there are various AM techniques that exist. The electron 

beam melting (EBM) is defined as AM technique which uses an electron beam, as an energy 

source (Galaragga et al., 2016). The electron beam melting process is depicted in Figure 2.4. 
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Figure 2.4: EBM process (Biamo et al., 2010). 

  

There are four major process parameters that have significant effect on the produced part. These 

parameters include beam power, beam diameter, scan speed and pre-heat temperature (Gong 

et al., 2014). However, there are other parameters that can be controlled by the software such 

as line offset, beam current, hatch pattern and rotation angle between consecutive hatches 

(Mahale, 2014; Rovelo and Fraunhofer, 2016). EBM has attracted attention in the biomedical, 

aerospace industries, and some application where structural complexity is important (Galarraga 

et al., 2017). 

 

The unique characteristics offered by EBM over other techniques include high energy 

efficiency, high pre-heating temperature, high scanning and moderate operational cost (Gong 

et al., 2012). The advantages of EBM over conventional manufacturing technologies include 

less design constrains, geometrical freedom, near-net shape production and weight reduction 

(Cormier et al., 2004; Gaytan et al., 2009; Yu et al., 2009). In addition, EBM offers the ability 

to eliminate additional post processing after the component is produced. The ability to melt 

powder with an electron makes EBM a manufacturing process that accommodates different 

materials alloys including aluminum alloys, cobalt-based superalloys, titanium alloys and 

others (Gaytan et al., 2009; Yu et al., 2009). 
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There are two important magnetic coils, namely, focus and deflection coils that controls the 

electron beam to preferred point and diameter, respectively (Figure 2.4). Once the electron 

beam has scanned the powder, another powder layer is deposited. The process repeats and stops 

when the component has formed (Gong et al., 2012). The entire process is conducted in vacuum 

to minimise reaction with oxygen on the produced components. When building of the 

component is completed, it is removed from the chamber when it is at low temperature. 

 

Despite all the interesting advantages displayed by EBM, there are some few process 

deficiencies that come with this technique. These deficiencies include part defects, quality 

variation and process instability (Zah and Lutzmann, 2010). The electron beam may result in 

insufficient energy transmission to the powder, which may cause melt pool instabilities and 

that result in the balling effect (Cansizoglu et al., 2008). Porosity due to gas entrapment is a 

usual defect in EBM. Gaytan et al. (2009) studied porosity formation during EBM, and it was 

found that it is possible to eliminate the pores and voids on the produced component by using 

heat treatment that is commonly known as hot isostatic pressing (HIP). Another EBM 

deficiency is the build-up of residual stresses which are induced by large thermal gradients. In 

some cases, the bonding ability amongst the layers is less, which may lead to delamination of 

the produced part (Schwerdtfeger et al., 2009). 

 

There are several studies that focused on microstructural and mechanical properties of EBM 

coupons, comparing them with wrought Ti6Al4V parts. It is important to compare the 

microstructure because they act as fingerprints of the mechanical properties. Koike et al. (2011) 

compared Ti6Al4V microstructures that were produced by EBM and that of casted Ti6Al4V. 

The microstructures are shown in Figure 2.5. 

 

 

Figure 2.5: Microstructures of Ti6Al4V produ ced by (a) EBM and (b) Casting (Murr  et al., 2009). 
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The EBM produced Ti6Al4V microstructure exhibited a lamella Ŭ-phase and martensite Ŭ-

phase platelets as shown in Figure 2.5(a) which gave rise to increased hardness (Murr et al., 

2009). The martensite Ŭ-phase formation was due to rapid cooling and solidification during 

EBM printing. The microstructure obtained by casting composed of globular Ŭ + ɓ grains. As 

compared to the microstructure obtained by casting presented in Figure 2.5(b), Ŭ-phase of the 

EBM produced Ti6Al4V was found on the ɓ grain boundaries and it was finer (Gulzar et al., 

2009). In contrast, a basket weave Ŭ + ɓ microstructure was observed by Safdar et al. (2012) 

on EBM produced Ti6Al4V parts. However, in this case, Ŭ and ɓ phases formed platelets and 

ɓ rod-like shapes, respectively in the columnar prior ɓ grains on the microstructure. 

 

In addition, Safdar et al. (2012) has indicated that Ti6Al4V samples produced from EBM 

shows fully lamellar microstructure, made up of fine grains due to rapid cooling. Furthermore, 

these authors observed the heat conduction direction same to the columnar morphology. They 

attributed the columnar grains to thermal gradients. A study by Antonysamy et al. (2013) has 

reported that elongated shape is responsible for strong fiber texture and is due to the movement 

melt pool. Three phases which are Ŭ, martensite Ŭ  and ɓ phase were reported on EBM Ti6Al4V 

microstructure (Gulzar et al., 2009; Facchini et al., 2009). 

 

The EBM Ti6Al4V parts possessed by higher ultimate tensile strength (UTS) and low 

elongation compared to wrought counterparts (Facchini et al. 2009). However, Koike et al. 

(2011) reported an opposite observation by reporting higher UTS and ductility for wrought and 

cast Ti6Al4V counterparts. The different observations were attributed to the difference in built 

parameters which does not give the same material features (Gong et al., 2012). 

 

2.2.2.2 Laser engineered net shaping 

 

In contrast to PBF, the laser engineered net shaping (LENS) uses a directed energy deposition 

(DED) powder blown method. This technique involves the injection of metal powder into a 

melt pool that promote melting and solidification of powder, thereby producing 3D parts 

(Arthur and Pityana, 2018). This AM technique uses a high-power laser as a source of energy. 

A diagram showing the process of LENS is depicted in Figure 2.6. 

 



17 
 

 

Figure 2.6: Schematic representation of LENS process (Zhai et al., 2016). 

 

The processing principle of the LENS includes a deposition substrate that needs to be aligned 

to a starting position of interest. The process takes place in an inert atmosphere to eliminate 

oxidation during printing. A small molten pool is created of the powder by the laser. The 

movement of deposition is created and controlled by CAD files (Mudge and Walt, 2007). 

 

Some of the important characteristics of LENS are low heat inputs and minimal distortion. 

According to Mudge and Walt (2007), due to the small melt pool used by LENS, the deposited 

material cools fast, which results in the generation of a fine grain structure that may be 

comparable to wrought components. Figure 2.7 shows Ti6Al4V microstructures of LENS 

produced sample and that of wrought samples. 

 

 

Figure 2.7: Microstructures of Ti6Al4V  samples produced by (a) LENS technique (b) Wrought (Zhai et 

al., 2016). 
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The as-produced microstructure of Ti6Al4V sample produced by LENS process was 

characterized by sharp needle-like martensitic Ŭ-phase shown in Figure 2.7(a) (Qiu et al., 

2015). The wrought microstructure presented in Figure 2.7(b) shows equiaxed Ŭ-phases. It is 

evident that LENS produced and wrought Ti6Al4V microstructures are different. LENS offers 

advantages such as environmental friendliness, creation of smaller heat affected zone (HAZ), 

production of components in less time, reduced material waste, greater ability for parts repair 

and digital flexible processing (Qiu et al., 2015; Zhai et al., 2016). 

 

The LENS is capable of processing different metals and alloys which include titanium, steel 

and nickel-based super alloys (Zhai et al., 2016). Since LENS is an AM technique, it also has 

its own challenges. Structural defects and part distortion are common issues (Qui et al., 2015). 

On their study on microstructure and texture evolution of Ti6Al4V, Kobryn et al. (2003) 

showed that there are two types of microstructural pores that are found on LENS produced 

Ti6Al4V components. Spherically shaped gas pores and pores due to insufficient melting 

which usually forms at the interfaces between layers and show elongated or irregular shape. 

According to Qui et al. (2015), correctly adjusting the rate at which powder is fed, and using 

moderate laser power achieves a part with minimum porosity.  

 

Thermal stress developments, resultant distortion of substrate of the produced component are 

other challenges. These challenges may lead to component failure. A study by Moat et al. 

(2011) investigated residual stress measurements on LENS produced Ti6Al4V and showed 

high level of distributed stress in the produced components. 

 

2.2.2.3 Selective laser melting 

 

Selective laser melting (SLM) is another metal PBF technique, slightly different from EBM 

that was discussed in Section 2.2.2.1. This manufacturing technique is regarded as a 

revolutionary emerging technology (Sabban et al., 2019). It is an AM technique that is 

constructed on an infrared fiber laser capable of creating solid near net metallic shaped parts 

layer-by-layer from powder material according to CAD models (Kruth et al., 2007; Thijs et al., 

2010; Vrancken et al., 2012; Simonelli et al., 2014). Figure 2.8 illustrate the SLM technique. 
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Figure 2.8: Schematic representation of SLM process. 

 

The SLM has gained more interest in the aerospace, electronics, chemical, biomedical and 

other industries where various products such as aircraft turbines, pressure vessels and surgical 

implants are used (Alcisto et al., 2011; Villaro et al., 2011; Shipley et al., 2018; Zuback and 

Debroy, 2018). During production of a component, a CAD model is inserted into the machine, 

where it is divided into layers (usually between 10-100 µm) by software. A fine powder which 

is a feed stock is placed on top of the base plate just above the build platform. Then the CAD 

information leads the laser to scan the metal powder. A small portion of the part is formed 

when the scanned powder melt and solidifies. The process is repeated severally and complete 

once a 3D part is formed (Rafi et al., 2013; Simonelli et al., 2014). 

 

After removal of the part, most of the unconsolidated powder is removed and can be re-used. 

The main process parameters in SLM are laser power, scanning speed, hatch spacing and layer 

thickness (Rafi et al., 2013). The SLM process usually take place in argon purged environment 

to reduce oxygen content. The SLM technique is mostly accompanied high heating and cooling 

rates which result in formation of non-homogeneous structure (Vracken et al., 2012; Rafi et 

al., 2013; Kasperovich et al., 2016). SLM offers advantages which include production of 

complex geometries, time saving, ability to produce net-shaped structures, reduced wastage of 

material, improved flexibility (Villaro et al., 2011). Furthermore, SLM is capable of covering 

complex alloy powders including stainless steel, cobalt, chromium, titanium and many more 

alloys (Markovskya et al., 2011; Rafi et al., 2013). 
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2.2.3 Processing parameters 

 

Defects formation on microstructure depends on processing parameters such as layer thickness, 

scan strategy, hatch spacing, scan speed and laser power during SLM (Vrancken et al., 2012). 

Improper adjustment of process parameter can form defects. Balling effect (formation of small 

particles), porosity and lack of fusion are such types of defects. However, balling effect can 

also be influenced by material properties (Gu et al., 2012). If the energy density is not optimal, 

the working temperature will be insufficient to melt the powder. Energy density (E) is a variable 

that defines the densification of material (Attar et al., 2014). The energy density equation 

defines the average applied energy per volume of material. Equation 1 shows the energy density 

equation. 

                                    E =                                                         (1) 

Where P is the laser power (W), v is the laser scanning speed (mm/s), h is the hatch spacing 

(mm) and t is the layer thickness (mm). The energy density variables have a tendency to 

determine a process window for manufacturing completely dense component. Figure 2.9 shows 

the relationship between relative density and laser energy density as described by Han et al. 

(2017). 

 

 

Figure 2.9: Relationship between energy density and relative density (Han et al., 2017). 
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Figure 2.9 shows that relative density increase with increasing laser energy density from 60 

J/mm3 to 120 J/mm3 as represented by zone I. However, the relative density obtained in this 

latter region was not maximum. As the energy density increased from 120 J/mm3 to 180 J/mm3 

(zone II in Figure 2.9), the relative density increased to maximum value above 99.95%. This 

was an indication processing using the energy densities in this range would result in almost 

fully dense sample. The relative density decreased when the laser energy density increased 

from 180 J/mm3 to 240 J/mm3 which is demonstrated by zone III in Figure 2.9. This implies 

that applying energy densities in this region will results in parts with defects, which can lead 

to part failure. Part failure will result in lowering of the production rate, powder and energy 

wastage. 

 

Han et al. (2017) defined process window of 120-202 J/mm3 energy densities in order to 

produce Ti6Al4V components with 99% relative density (Figure 2.9). However, a different 

process window of 48.61-194 J/mm3 was reported by Cunningham et al. (2016). The reporting 

of different process windows indicates a difference in parts density that can be obtained by 

using the same energy densities. This study will make use of samples that are produced with 

energy density that fall within the range 48.61-194 J/mm3. 

 

2.2.4 Challenges associated with SLM technique 

 

According to literature, the three main challenges that come with the SLM process are (i) the 

generation microstructure that is different to microstructure produced by conventional methods 

(ii) fabrication components with defects such as porosity, delamination, lack of fusion of layers 

and balling and (iii) the development of residual stresses (Gu et al., 2012; Leuders et al., 2013; 

Liu et al., 2014; Xu et al., 2015; Wysocki et al., 2017). Due to high cooling rates, 

microstructures of SLM produced Ti6Al4V composes of acicular martensite Ŭ-phase which is 

very brittle (Thijs et al., 2010; Vilaro et al., 2011; Gu et al., 2012; Xu et al., 2015; Wysocki et 

al., 2017; Ahmadi et al., 2019). As a result, SLM produced Ti6Al4V components have a 

tendency of having high tensile strength and poor ductility and associated with limited fatigue 

life (Vilaro et al., 2011; Vrancken et al., 2012). 

 

The second challenge is fabrication components with porosity, delamination and balling, which 

then greatly affect the fatigue properties (Gu et al., 2012; Leuders et al., 2013; Liu et al., 2016). 
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Figure 2.10 demonstrate porosity on SLM produce Ti6Al4V components attained by 

Kasperovich et al. (2016).  

 

 

Figure 2.10: Illustration of  the effect of energy density on porosity (a) 58 J/mm3, (b) 117 J/mm3 and (d) 

292 J/mm3 (Kasperovich et al., 2016). 

 

Good control on energy density (or process parameters) determines the amount porosity on the 

produced components. For example, it can be seen from Figures 2.10(a) and 2.10(c) that lower 

and higher energy densities, respectively, resulted with high porosity on the produced 

component whilst moderate energy density as demonstrated by Figure 2.10(b) let to a 

component with very low porosity. The size of the pores also depends on the energy density 

(or process parameters) used. Song et al. (2012) recommended laser power of 110 W and scan 

speed of 0.4 m/s in order to obtain Ti6Al4V parts with maximum density. It should be noted 

that there are other applications such as medical implants whereby porous structures have 

additional advantage over full-density materials (Warnke et al., 2009).  

 

Tong et al. (2017) pointed out roughness as another challenge associated with SLM produced 

part. This results from partially and/or un-melted powder that has a tendency to stick on the 

surface of the surface part. The development of residual stresses was found to be another 

challenge associated with SLM. These residual stresses are resulting from high cooling rates 

and temperature gradients of the SLM technique. However, Rafi et al. (2013) and Algius et al. 

(2018) revealed that powder bed pre-heating helps in reducing the build-up of residual stresses 

when producing the parts. 

 

2.3 Microstructure of SLM Ti6Al4V produced components 
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It was discussed in Section 2.2, that SLM process parameters and thermal history determine 

microstructural evolution of Ti6Al4V components (Rafi et al., 2013). Their microstructures in 

the as-produced condition are characterized by large elongated prior ɓ grain that is orientated 

along the build direction filled with acicular martensitic Ŭ-laths inside (Thijs et al., 2010; 

Vilaro et al., 2011; Gu et al., 2012; Song et al., 2012; Sabban et al., 2019). A study by Lekoadi 

et al. (2019) evaluated the microstructure of SLM Ti6Al4V components that were produced at 

high power and speed. Figure 2.11 shows the microstructure that was obtained. 

 

 

Figure 2.11: SLM produced Ti6Al4V microstructure  at different magnifications (Lekoadi et al., 2019). 

 

A columnar shaped structure that grew in the direction of build was reported (Figure 2.11b). 

The columnar morphology was attributed to epitaxial growth of ɓ-phase when newly formed 

layer partially re-melt previous layers (Eylon and Froes, 1990; Thijs et al., 2010; Song et al., 

2012; Wu et al., 2016). The martensitic Ŭ-lath then slowly grow in the columnar grain as the 

laser moves away across the powder bed (Rafi et al., 2013). This martensite Ŭ-phase results in 

low ductility and anisotropy on the produced components (Vrancken et al., 2012; Simonelli et 

al., 2014; Sallica-Leva et al., 2018). 

 

This is of major concern because the as-built microstructure is not the same as that of wrought 

Ti6Al4V components of the same composition. This implies that in the as-built condition, SLM 

produced sample are not ready for application. There are various measures that can be used to 

improve the microstructures which include thermomechanical processing or heat treatment. In 

actual fact, an improved microstructure with improved mechanical properties can be obtained 

by heat treating SLM processed Ti6Al4V components using appropriate heat treatment 

parameters.  




















































































































































































































