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Abstract 

Influence of Process Parameters on Microstructural Characteristics and Mechanical Properties of 

Ti-6Al-4V Samples Manufactured through Electron Beam Melting Manufacturing 

Camille Bernier-Tremblay 

 

Metal Additive Manufacturing (MAM) is a manufacturing technique that builds solid components 

layer by layer. In comparison to traditional manufacturing methods, metal additive manufacturing 

offers advantages by allowing the creation of intricate geometries while reducing the buy-to-fly 

ratio of components. Understanding how manufacturing parameters affect the mechanical 

properties of produced components is applicable to the research and development of materials used 

in aero-engine and biomedical applications. 

The study that is the subject of this thesis examines the microstructure of Ti64 samples printed 

using Electron Beam Melting (EBM) with specific variations in process parameters, such as 

adjustments in beam current and scan speed intended to achieve varying microstructural properties. 

The study compares the variations in process parameters with the types of defects and overall 

sample porosity. Additionally, this research explores the relationship between process parameters, 

defect production, and the tensile and fatigue properties of the printed samples. 

The results of the microstructure examination indicate that individual process parameters 

significantly influence print porosity for the same Volumetric Energy Density (VED). However, 

VED alone does not dictate alpha lath thickness or variations in tensile properties. While porosity 

and defect size do not notably affect tensile properties, they impact the fatigue life of the samples 

with larger defects leading to a shorter fatigue life. Optical microscopy analysis of print samples 

provides a local estimation of defect parameters for an initial assessment and prediction of global 

porosity in larger printed components. 
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Chapter 1 Introduction 
 

Metal Additive Manufacturing (MAM) is a production method that builds solid parts layer by layer 

[1]. Compared to traditional manufacturing, metal additive manufacturing offers advantages like 

enabling the production of intricate geometries while reducing the buy-to-fly ratio of components 

[2]. The method is increasingly utilized in the aerospace and biomedical industries [3][4]. 

Electron beam melting (EBM) is a powder bed MAM technique specifically used in the aerospace 

industry. EBM involves selectively melting particles on a powder bed using an electron beam. The 

process takes place under a vacuum and allows components to be produced with little to no residual 

stresses [1]. A key player in EBM machine manufacturing is ARCAM from GE Additive. The 

control software used on ARCAM EBM machines has a graphical user interface which offers a 

variety of functions depending on the machine type. The software controls the electron beam, the 

beam path, motors, pumps and build parameters [5], all of which are encompassed in “build 

themes” tailored to the specific material being printed [2]. The build parameters include part 

geometry and orientation, powder chemistry, use of supports, and machine settings. The build 

theme comprises a comprehensive set of process parameters optimized by the machine 

manufacturer, such as ARCAM [2], and are typically not adjustable by the user.  

ARCAM EBM has formed partnerships with academic institutions to grant researchers the ability 

to adjust process parameters and access full control of scan speed, beam current, hatch spacing, 

layer height, and focus offset; thus enabling the development of new materials and processes [6]. 

An example of such a partnership is the Holistic Innovation in Additive Manufacturing (HI-AM) 

Network in Canada, which has leveraged this opportunity to study an expanded range of feedstock 

metal materials and to investigate process parameters for increased process repeatability and 

reliability [7]. Researchers have concentrated on ensuring that the EBM process can be repeatable 

and reliable to effectively control the final quality and material properties of the finished part [7]. 

Understanding the connections between process parameters, microstructure development, and 

resulting mechanical properties is key to this reliability and reproducibility [2][8]. 

Continued research on process parameters is important, as the absence of information regarding 

the choice of build parameters hinders quantitative comparisons between different studies. Many 

studies have been conducted on the effect of process parameters on microstructure and tensile 

properties [9], [10], [11], [12], [13], but not all variable parameters are presented by all authors, 

which often prevents the community from gaining insight into the impact of these parameters on 

material properties [2]. Some authors present print parameters in terms of speed function index 

(SF), which varies the beam current and scan speed to achieve optimal printing parameters. The 

SF index is an algorithm which is used to dynamically control the translation of electron beam 

[14]. This algorithm controls and alters process parameters, allowing the production of parts of 

differing sizes and geometry, with a uniform melt pool size and surface temperature [15]. Although 

this algorithm provides optimal prints, the actual process parameters used to produce these prints 

is unknown. 

  



2 

 

Understanding the implications of process parameters for the mechanical properties of EBM-

manufactured components is applicable to the research and development of lightweight and high-

temperature alloys for engine-aero applications such as adapting Nickel alloy 718 to powder bed 

fusion [16]. The identification of mechanical properties and their variation based on process 

parameters is equally important in the biomedical field. The EBM process has been used to 

fabricate porous medical metallic implants with mechanical properties matching those of bone 

tissue. Bone tissue is characterized by a low Young’s modulus, and the printed components must 

match with bone tissue to facilitate the integration of the implant and achieve better fixation [4]. 

The occurrence of defects and porosity resulting from non-optimal process parameters also poses 

a significant concern for the internal surfaces of parts, particularly in the case of fine channels and 

thin-walled structures [17]. Consequently, there is a need to identify an optimal process window 

that allows for the melting of a stable and continuous single track while mitigating these challenges 

[17]. The widespread adoption of Electron Beam Melting (EBM) depends on the ability of the 

industry to consistently achieve improved mechanical properties in the final product. 

The study that is the subject of this thesis compares the microstructure of Ti64 EBM samples 

produced with specific variations in process parameters including adjustments in beam current and 

scan speed intended to achieve different energy density levels. The variation in process parameters 

is then compared to the types of defects and the overall printed sample porosity. The study explores 

process parameters and their relationship to the production of defects, as well as the tensile and 

fatigue properties of the prints in relation to the identified defects.  
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Chapter 2 Literature review 
 

2.1 Post processing techniques for additively manufactured components 
 

Post-processing is often used in metal 3D printed components to improve surface finish quality or 

mechanical properties. Examples of post-processing techniques include machining, polishing, heat 

treatment, and annealing [18]. In safety-critical applications, post-processing is necessary to 

eliminate some common defects associated with EBM such as gas pores or lack of fusion in the 

powder [19]. Hot isostatic pressing (HIP) is a technique that addresses these issues by applying 

heat and pressure to the material for a specified duration, effectively closing pores. HIP not only 

significantly reduces material defects but also facilitates alpha lath grain growth, increasing the 

ductility of the material [20], [21]. 

While components printed with ARCAM build themes exhibit minimal defects, post-processing 

heat treatments enhance ductility at the expense of strength [22], [23], [24], [25], [26]. Although 

heat treatments developed for castings have been used on EBM components, these post processing 

methods do not yield optimal properties in the case of EBM-printed components due to their 

different microstructural and defect characteristics [27]. ARCAM and Quintus technologies have 

conducted studies on the effects of microstructure and porosity on the final mechanical properties 

of components after hot isostatic pressing (HIP). By optimizing process parameters for the as-built 

state, the melt pool geometry can be manipulated. Adjusting the melt pool to reduce the as-built 

grain size while minimizing aluminum sublimation during the EBM process allows the post-HIP 

material to achieve greater final strength with the same ductility compared to using the original 

ARCAM themes [19].  

The success of post-processing, therefore, hinges on understanding and optimizing the as-built 

state, and in the study that is the subject of this thesis, Ti6Al4V samples were built using a range 

of process parameters. The as-built state was examined to characterize microstructure, defect 

characteristics, and porosity. Tensile and fatigue samples were produced to examine the static and 

fatigue characteristics of the material in the as-built condition.  
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2.2 EBM process parameter studies  
 

Researchers focusing on as-built samples have investigated a spectrum of process parameters 

including beam voltage, beam current, scan speed, line offset, layer height, focus offset, and energy 

density. In Electron Beam Melting (EBM), the beam voltage is usually set at 60 kilovolts, and 

beam power is adjusted by modifying the beam current. Scan speed is the velocity at which the 

electron beam traverses while melting material along the build surface and is measured in 

millimeters per second. The line offset represents the distance between two successive beam lines, 

with a standard value being 0.1 millimeters [28]. The layer height is the thickness of the powder 

layer distributed through the rake system of the machine [28]. The focus offset regulates the size 

of the spot generated by the electron beam incident on the powder bed, where a smaller spot results 

in a deeper melting pool between the layers of powder. The focus offset is specified in milliamps, 

as magnetic lenses control the focus of the electron beam [29]. Energy input can be measured in 

different ways during the printing process. Energy is directly correlated to the principal process 

parameters through equations  (1) and (2). The volumetric energy density in equation  (1) quantifies 

the average applied energy per unit volume of material in the process of scanning a single layer. 

When considering a single track, equation (2) calculates the energy per unit length of the track, 

known as linear energy input, and quantifies the ratio between beam power and scanning speed 

[17]. 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝐽

𝑚𝑚3
)

=
𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑘𝑉) ∙ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝑚𝐴)

𝑠𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 (
𝑚𝑚

𝑠
) ∙ 𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑢𝑚) ∙ 𝑙𝑖𝑛𝑒𝑜𝑓𝑓𝑠𝑒𝑡 (𝑢𝑚)

 
 (1)  

 

𝐿𝑖𝑛𝑒𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 (
𝐽

𝑚𝑚
) =  

𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑘𝑉) ∙ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝑚𝐴)

𝑠𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 (
𝑚𝑚

𝑠 )
 (2) 

 

According to Karimi et al. [17], the two primary influences on the geometrical features of the melt 

pool are the scanning speed followed by the beam current, while the focus offset has a 

quantitatively lesser effect. Controlling the linear energy input affects the interaction among the 

beam, powder, and solid underlying layers in Electron Beam Melting (EBM). Modifying the track 

geometry has been identified as an approach to alter the thermal gradient and solidification 

conditions of the melt pool [17]. A comprehensive understanding of the effects of process 

parameters on densification and microstructure is an important initial step in manipulating these 

parameters to tailor specific mechanical properties and microstructures. The attainment of desired 

mechanical properties is contingent on the characteristics of individual single melted tracks and 

single layers [17], and the fine-tuning of microstructure through scan speed control provides an 

avenue to customize material properties [30], [31]. Ding et al.'s study [32] further supports this by 

revealing a nearly linear increase in the width and depth of the melt pool with line energy. 

Researchers have established that energy input stands out as the most significant process parameter 

in Powder Bed Fusion (PBF) processes, particularly with respect to microstructural characteristics 

[17], [33], [34], [35], [36]. 
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Alternatively, some researchers propose a shift towards considering individual parameters rather 

than focusing solely on volumetric energy density and line energy in the optimization of EBM 

processes. Moritz et al. [37] highlight that varying these contributing parameters could result in 

distinct part properties. They emphasize the significance of beam current as the primary factor 

influencing swelling and aluminum evaporation, noting that high beam currents consistently lead 

to surface bulges and pronounced fluctuations. While line energy and volumetric energy density 

serve as valuable tools for streamlining process parameter optimization for new materials, they fall 

short in addressing the intricate interactions within the process zone inherent in powder bed-based 

additive manufacturing. Consequently, the authors suggest that it is advisable to adjust individual 

parameters, such as beam power or scanning velocity, particularly for materials prone to 

evaporation of aluminum or microstructural variations [37]. 

Some studies vary single parameters to comprehend their impact on the resultant microstructure 

of components in the as-built state [17], [38], while others study the influence of a combination of 

parameters by varying energy density [32], [39], [30]. The primary objective of these 

investigations is to establish a process window for EBM, where the density of lack of fusion (LOF) 

and keyhole defects define an effective process window.  According to Mostafaei et al., a print 

achieved within an effective process window has a density of 99%, meaning that defects count for 

1% or less of the total volume of the print [40].  

Silvestri et al. [39] conducted a study using cubes to provide an overview of the impact of process 

parameters on microstructure, hardness, and surface roughness. The research investigates 

variations in beam current, scan speed, and line offset while maintaining a constant volumetric 

energy density throughout the process. The authors show that the interplay between the electron 

beam and the material is affected by both beam current and scan speed, and the amount of energy 

absorbed by the material fluctuates based on the selected process parameters, even when the energy 

density remains constant. In their study, samples produced under identical energy density but with 

different combinations of scan speed, beam current, and line offset exhibited distinct properties 

with respect to top surface roughness and microstructure.  

Gong et al. [41] explored the impact of current, focus offset, line offset, and speed function on 

defects in their study of Ti-6Al-4V. The variables were systematically varied at three different 

levels to analyze the influence of each parameter on part quality. Their results show that input 

energy characteristics play an important role in defect generation within powder bed fusion 

processes. Parameters with excessively high or low energy input levels exhibit distinct defect 

generation mechanisms. Defects arise from melt pool discontinuities and a lack of overlap in melt 

pools, and the entrapment of powder particles also contributes to the formation of defects. For 

example, low energy density causes lack of fusion defects, while high energy density causes 

keyhole type defects. 

Kirchner et al. [30] varied beam current and scan speed to assess the porosity and density of prints. 

Achieving full densification of Ti-6Al-4V requires a minimum energy input. EBM specimens with 

lower line energies exhibit over 1% porosity, leading to reduced tensile strength and significantly 

decreased ductility. Energy inputs beyond a specific threshold cause noticeable aluminum loss, 

and further increases result in pronounced swelling of the specimen's top surface. The authors 

conclude that high-quality specimens can be produced by utilizing line energies ranging between 

100 and 200 J/m.  
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Sharowsky et al. [9] systematically varied energy density and scan speed to achieve Ti64 prints 

with a density exceeding 99.5%. The resulting porosity is notably influenced by both the energy 

density input during the printing process and the chosen scan speed. 

Pobel et al. [31] investigated the influence of beam power and scan speed on the quality of the 

print in terms of porosity and the swelling of the top surface, indicating an important loss of 

aluminum during printing. The authors show that increasing the scan speed from 2.5 to 6.0 m/s 

improved the quality of the molten layers from significantly uneven to completely plane surfaces. 

When further increasing speeds from 7.0 to 10.0 m/s however, they observed porosity because of 

the decreasing energy input. 
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2.3 As-built EBM microstructure 
 

The adjustment of process parameters in Electron Beam Melting (EBM) produces a range of 

mechanical property variations in as-built specimens. These changes in mechanical properties are 

attributed to alterations in the grain structure [9]. The as-built microstructure of Ti-6Al-4V printed 

through EBM exhibits both alpha and beta phases. Ti–6Al–4V is a typical α (hcp: hexagonal close-

packed) + β (bcc: body-centered cubic) dual-phase alloy. The columnar grain boundaries are from 

the beta phase which nucleated above the beta transus temperature (Tβ of 995°C) when the electron 

beam initially melts the powder. The β grains undergo a phase transformation from the high-

temperature body-centered cubic structure to the hexagonal α phase when the temperature falling 

below 995°C [9], [42]. The grain boundaries are considered to originate from the ‘‘prior beta 

grains’’, as the alpha phase precipitates on the β grain boundary to form basket-weave or colony 

structures, as depicted in Figure 2.1 and Figure 2.2 [43].    

 

Figure 2.1 : Phase transformations during cooling of Ti–6Al–4V from above β-transus [44]. 
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The alpha laths are illustrated in the enlarged circles of Figure 2.2 and Figure 2.3. Alpha laths are 

characterized by their thickness. The thickness of alpha laths varies along the build direction of 

the print, which can be attributed to the thermal history of each printed layer. Tan et al. [43] 

reported a region containing near-equiaxed prior β grains with a height of ∼250μm at the bottom 

of the print in Figure 2.2. An equiaxed-to-columnar transition for the prior β grains occurs due to 

the thermal gradient in the melt pool. In practice, the bottom equiaxed-to-columnar transition 

region will be removed once a build is completed, as it is directly on the build plate  [43]. The prior 

β grains grow in alignment with the build direction, as the build direction dictates the thermal 

gradient [43].  

 
 

Figure 2.2 : Schematic microstructure of EBM-

built Ti–6Al–4V on X–Z plane [43]. 

 
 

Figure 2.3 : Alpha lath and grain boundary 

in basket-weave structure [43]. 

 

Adjusting the energy input in the part has a direct impact on the thickness of the alpha laths within 

the prior beta grains. Additionally, the energy input plays a role in determining the percentage of 

the alpha and beta phases in the printed material [22]. This variation in the percentage of each 

phase and the thickness of the alpha laths significantly affects mechanical properties including 

yield strength, tensile strength, and hardness, as highlighted in studies by Sharowsky et al. [9], 

Kirchner et al. [30], Silvestri et al. [39], and Pobel et al. [31].  
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Prisco et al. [45] investigated the impact of EBM process parameters on the resulting 

microstructure of printed materials. Their findings reveal that a coarser microstructure is generated 

with high heat input and low line offset. Increasing the heat input or, conversely, decreasing the 

line offset resulted in higher lath thickness, leading to lower hardness values [45]. The study varied 

focus offset, line offset, and line energy density, printing 36 different combinations of process 

parameters with three different levels for each parameter. Line energies ranged between 0.71 J/mm 

and 3.77 J/mm; the columnar β size increased from around 60μm to approximately 100μm when 

the heat input rate rose from 0.71 J/mm to 3.77 J/mm at 0.07 mm of line offset. The α lath thickness 

also increased from 1.5μm to 2μm with the same variation in heat input. The finest microstructures, 

observed at 0.71 J/mm and 0.21 mm of line offset, resulted in the highest microhardness of 400 

HV.  

Sharowsky et al. [9] explored the impact of scanning strategy on both the microstructure and 

mechanical properties of Ti64. Their experiment involved varying the scan speed from 0.2 m/s to 

10 m/s, resulting in different volumetric energy densities for each sample. The researchers 

observed a nearly linear increase in α platelet thickness with volumetric energy. Higher scan speeds 

led to lower volumetric energy, resulting in a finer microstructure. The specimen produced at a 

scan speed of 4.0 m/s and a volumetric energy density of 30 J/mm3 displayed a microstructure 

featuring the minimum α platelet thickness of 0.37μm. This microstructural change manifested as 

an augmented thickness of the α platelets with increasing scan speed and volumetric energy. The 

rise in these parameters suggests elevated heat input and reduced heat loss, indicating a larger melt 

pool size and a lower cooling rate, which, in turn, determines the size of the α platelets. 

Hrabe and Quinn [8] conducted a study exploring the impact of processing variables on the 

microstructure and mechanical properties of Ti-6Al-4V. They varied the speed factor (SF) and 

considered the orientation and placement of parts on the build plate to examine the influence of 

these factors on the resulting microstructure. As the speed factor increased and energy input/melt 

pool size decreased, there was a reduction in lath thickness. Additionally, the prior-β grain size 

showed a decreasing trend with increasing speed factor. Notably, the y-oriented part exhibited a 

smaller α lath thickness. The authors focused on the energy input over a range of speed factors 

(30–40) while ensuring complete melting of parts. They observed that higher energy input and 

larger melt pool sizes were associated with an increase in α lath thickness and prior-β grain size. 

Puebla et al. [10] also investigated the impact of melt scan rate on both microstructure and 

macrostructure. The study incorporated scan rates of 100, 400, 500, 600, 700, and 1000mm/s. 

Throughout the fabrication of cylindrical specimens, the beam focus and scan spacing were 

consistently maintained. Elevating the melt scan rate from 100 to 1000mm/s during the Electron 

Beam Melting (EBM) process for oriented Ti-6Al-4V cylinders led to an escalation in the cooling 

rate, resulting in a reduction in α-phase grain thickness. Specifically, scan speeds of 100mm/s for 

horizontally printed specimens on the build plate yielded an α lath thickness of 8μm, while scan 

speeds of 1000mm/s for specimens printed in the same orientation resulted in an α lath thickness 

of 3μm.  
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Ran et al. [12] conducted a study on the microstructure of Ti-6Al-4V samples produced using 

EBM. They fabricated fifteen cubic specimens while varying focus offset, speed factor, and line 

offset at five different levels for each parameter. The chosen focus offsets ranged between 39mA 

and 51mA, the speed factors between 29 and 41, and the line offsets between 0.16mm and 0.28mm. 

The morphology of Ti-6Al-4V samples with line offsets of 0.16 mm and 0.28 mm was examined. 

Image-J image was used to measure the average α lath thickness of the samples. The results 

revealed that the average α lath thickness for samples with a line offset of 0.16 mm was 1.24μm, 

whereas a thickness of 0.53μm was measured for those with a line offset of 0.28 mm. Notably, 

samples with a higher energy input exhibited a coarser microstructure. 

Al-Bermani et al. [13] investigated the origin of microstructural diversity, texture, and mechanical 

properties in Ti-6Al-4V produced using EBM. They carried out four separate identical builds at 

chamber temperatures of 625°C, 650°C, 675°C, and 700°C, each consisting of ten cylinders 

measuring 80mm in length and 10mm in outer diameter. To determine cooling rates and melt pool 

geometry, individual melt tracks were printed on a heated (650°C) base plate. In the cylindrical 

prints, the columnar nature of prior β grains resulted directly from the thermal gradient in the z-

direction. The base plate and deposited material acted as a heat sink during deposition, while the 

electron beam served as the heat source from above. In the as-built condition, processing at a 

higher temperature of 700°C led to an increase in α lath width and a colony scale factor. Variances 

in build temperature between 626°C and 700°C significantly affected both microstructure and 

mechanical properties. Temperatures above 678°C resulted in decreased mechanical properties due 

to microstructural coarsening in the as-built condition. The authors also observed that for 

individually printed tracks, a beam current of 6mA produced a slightly deeper melt pool. Beam 

currents of 8, 10, and 12mA resulted in melt tracks of nearly identical depth but with an increase 

in length. Solidification along the z-axis was most relevant in this study, as deeper melt pools have 

slower cooling rates and promote microstructural growth.   

Gong et al. [38] conducted a study on the effects of beam speed on Ti–6Al–4V microstructures in 

EBM manufacturing. Four different samples with varying speed factors (SFs) of 20, 36, 50, and 

65 were examined to investigate the impact of beam speed on microstructure of the EBM parts. 

The SF 20 sample, characterized by the lowest beam speed, exhibited the largest prior β grain size 

of 85.2μm. In contrast, specimens from SF 36, SF 50, and SF 65 demonstrated similar β grain 

sizes, all measuring less than 50μm. The alpha (α) lath thickness ranged from 1.0μm (standard 

deviation 0.3) to 1.5μm (standard deviation 0.3) for SF 65 and SF 20, respectively. The 

experimental findings from this study indicated that the α-lath size did not decrease further with 

an increased cooling rate for beam speeds from SF36 to SF65. The authors suggest that the size of 

α-laths could also be influenced by the size of prior β grains. Notably, the size of prior β grains 

remained similar between SF36 and SF65, suggesting that their size could be a factor influencing 

α-lath size, which was found to be 1.1 (0.3 standard deviation) and 1.0 (0.3 standard deviation) for 

SF36 and SF65 respectively. 
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2.4 As-built EBM mechanical properties 
 

While the previous authors investigated microstructure analysis in their studies, not all studies 

offer detailed information on mechanical properties and process parameters. This section discusses 

the influence of process parameters on tensile properties.  

Sharowsky et al. [9] investigated the influence of scanning strategy on both the microstructure and 

mechanical properties of Ti64. The maximum yield strength and ultimate tensile strength were 

found to be 1048 and 1102 MPa, respectively, at a low volume energy of 30 J/mm3. With an 

increase in volume energy up to 60 J/mm3, there was an observed decrease of approximately 8% 

in yield strength and 7% in ultimate tensile strength. For samples with a low scan speed of 0.2 m/s, 

the yield and tensile strengths were 1045 and 1011.1 MPa, respectively, with a fracture elongation 

of 15%. Under a constant scan speed of 4.0 m/s, the fracture elongation increased by up to 16% 

for a volume energy of 50 J/mm3. However, further increases in volume energy led to a reduction 

in fracture elongation. The sample printed with a scan speed at 4.0 m/s and VED of 30 J/mm3 

exhibited a microstructure with the smallest a platelet thickness of 0.37 µm, resulting in the best 

mechanical properties with a tensile strength of 1100 MPa. Conversely, an increase in a platelet 

thickness to 1.31µm at a scan speed of 4.0 m/s and a VED of 60 J/mm3 resulted in a 5% reduction 

in tensile strength compared to the highest achieved strength. 

Hrabe and Quinn [8] also examined the impacts of processing on the microstructure and 

mechanical properties of Ti-6Al-4V. The authors varied the speed factor (SF) and explored the 

effects of the orientation and location of parts on the build plate, aiming to understand the influence 

of these parameters on resulting mechanical properties. Ten specimens with a speed factor of 30 

and another ten with a speed factor of 40 were tested. As the speed factor increased and energy 

input/melt pool size decreased, the ultimate tensile strength (UTS) exhibited a 2% increase, rising 

from 1007 ± 8.4 MPa to 1029 ± 7.0 MPa. The yield strength (YS) also increased by 3%, climbing 

from 952.2 ± 9.9 MPa to 982.9 ± 5.7 MPa. Microhardness rose from 364.8 ± 8.7 HV to 372.0 ± 

7.2 HV. However, there was no statistically significant difference observed in the percentage of 

elongation (% EL). Vertically oriented parts demonstrated a substantially lower % EL (30% 

change) compared to horizontally oriented parts; a finding attributed to variations in the orientation 

of the tensile axis with the direction of elongated prior-β grains. No difference in UTS or YS was 

noted. Orientation within the x–y plane and location each had less than a 3% effect on ultimate 

strength and yield strength. Exterior parts printed on the build plate exhibited a 1% change in UTS, 

a 2% change in YS, and lower microhardness compared to interior parts. 
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Puebla et al. [10] investigated the impact of melt scan rate on the microstructure and mechanical 

properties of Ti64. The study considered scan rates ranging from 100 to 1000 mm/s, with the beam 

focus and scan spacing consistently maintained during the fabrication of cylindrical specimens. 

The highest ultimate tensile strength (UTS) and yield strength were observed at a scan speed of 

500 mm/s, measuring 1080 MPa and 990 MPa, respectively. The corresponding hardness for this 

print was recorded at 38 HRC. The lowest UTS and yield strength were noted at a scan speed of 

1000 mm/s, registering values of 640 MPa and 560 MPa, respectively, with a hardness of 23 HRC. 

The authors also provide information on the porosity of the prints; a scan speed of 100 mm/s 

resulted in a porosity of 4.7%, while a scan speed of 1000 mm/s yielded a higher porosity of 12.5%. 

The study revealed that increasing the melt scan rate led to an increase in porosity due to the 

creation of un-melted powder volumes within the layers. This rise in porosity correlated with a 

decrease in hardness (HRC). 

Ran et al. [12] conducted a investigation into the impact of speed factor, focus offset, and line 

offset on the microstructure and mechanical properties of EBM Ti-6Al-4V. The study involved 

varying focus offset values between 39 and 51 mA; speed factor values between 29 to 41; and line 

offset values from 0.16 to 0.28 mm. Fifteen different combinations of these parameters were 

printed at five factor levels, with each combination having three identical cylindrical tensile 

samples. Throughout the experiment, when one factor was altered, the other two were held 

constant. The authors observed that changes in line offset, speed factor, and focus offset had a 

minimal effect on tensile strength, with the alteration being less than 30 MPa. Among these factors, 

line offset exerted the most significant influence on yield strength. As the line offset increased 

from 0.16 to 0.28 mm, the yield strength of the sample increased from 666.4 MPa to 871.2 MPa. 

The tensile strength of EBM Ti-6Al-4V samples ranged from 966 to 1000 MPa, reaching a 

maximum at a focus offset of 48 mA, a speed factor of 35, and a line offset of 0.28 mm. The 

authors noted that the maximum Vickers hardness, recorded at 335 HV, was achieved at a focus 

offset of 51 mA, a speed factor of 41, and a line offset of 0.28 mm. Within the studied range of 

process parameters, the authors concluded that the change in line offset had the most substantial 

impact on the yield strength of EBM Ti64 samples. 

Al-Bermani et al. [13] studied the microstructural diversity, texture, and mechanical properties in 

electron beam melted Ti-6Al-4V samples. The authors printed four separate but identical builds at 

chamber temperatures of 625 °C, 650 °C, 675 °C, and 700 °C, where each build contained ten 

cylinders of 80mm length and 10 mm outer diameter. The part printed at the highest temperature 

of 700°C showed a yield strength of 883.7MPa (10.6 MPa standard deviation), a UTS of 993.9MPa 

(5.6 MPa standard deviation), and an elongation of 13.6% (0.9% standard deviation). The part 

printed at the lowest temperature of 626°C showed a yield strength of 938.5MPa (10.9 MPa 

standard deviation), a UTS of 1029.1MPa (14.9 MPa standard deviation), and an elongation of 

13.2% (0.4% standard deviation). The authors concluded that increasing the temperature above 

951 K (678 °C) resulted in a decrease in mechanical properties associated with microstructural 

coarsening in the as-built condition.  
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Pasang et al. [46] studied the mechanical properties exhibited by specimens based on their 

orientation on the build plate. Specimens were produced in vertical, horizontal, and 45-degree 

orientations on the build plate, with three specimens printed for each configuration. The samples 

were built with a layer thickness of 50μm, a speed function of 64, a line offset of 0.2 mm, and a 

current of 30 mA, resulting in an energy density of approximately 94 J/mm³. The horizontally 

printed samples displayed an average hardness of 360 HV. The vertically printed samples exhibited 

an average hardness of 319 HV, while those printed at a 45-degree angle had an average hardness 

of 340 HV. The horizontally printed samples had a yield strength of 770 MPa, an ultimate tensile 

strength of 811 MPa, and an elongation of 13% at fracture. Vertically printed samples showed a 

yield strength of 760 MPa, an ultimate tensile strength of 800 MPa, and an elongation of 15% at 

fracture. Samples printed at a 45-degree angle exhibited a yield strength of 811 MPa, an ultimate 

tensile strength of 847 MPa, and an elongation of 12% at fracture. The authors observed that for 

EBM materials, the 45-degree orientation demonstrated higher strengths compared to the 0-degree 

and 90-degree orientations. The variation in tensile properties was attributed to the reported 

porosity of the samples, ranging between 3-4%. The authors noted minimal necking during the 

tensile testing of EBM samples and concluded that the differences in mechanical properties among 

the printed samples were primarily due to defects introduced during the printing process, and not 

the orientation of the prints.  
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2.5 Defect characterization 
 

As indicated by Karimi et al. [3], the presence of defects resulting from non-optimal process 

parameters is a significant concern, especially in the context of fine channels and thin-walled 

structures. The primary defects observed in EBM include lack of fusion defects (LOF), gas pores, 

and keyhole defects [39]. Lack of fusion defects arises when the energy input from the electron 

beam is insufficient to melt the powder on the bed [40], [41]. The occurrence of LOF is assessed 

based on the extent of overlap between melt pools to ensure that all points are melted at least once 

[40]. Two types of LOF defects can manifest; interlayer LOF and intertrack LOF are illustrated in 

Figure 2.4 [47]. LOF defects can also be a combination of interlayer and intertrack LOF defects 

overlapping between layers. Alternatively, keyhole defects occur when the energy input into the 

material is excessively high; as the temperature rises and reaches the boiling point, the generation 

of metallic vapor creates a recoil pressure. This recoil pressure forces the molten metal downward, 

leading to the creation of a prolonged, slim gas cavity referred to as the keyhole [40]. Spherical 

gas pores stem from the trapped gas within the gas-atomized powder particles [40], [48]. A typical 

keyhole defect is shown in Figure 2.5 and gas pores defects are depicted in Figure 2.6. 

 

 
Figure 2.4 : Intertrack and interlayer lack of fusion defects [47] 

 
Figure 2.5 : Keyhole defect [49] 

 
Figure 2.6 : Gas porosity in Ti64 [50] 
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Defects resulting from the EBM process can be identified using various methods. Typically, defect 

measurement employs bulk methods such as Archimedean density, ultrasonic inspection, or 2D 

cross-sectioning to compare pore area to the captured area [12]. The Archimedes method enables 

the calculation of the density of an object immersed in a fluid, accounting for the buoyancy of the 

object. Examples of fluids used in this method include deionized water, or acetone [51]. Other 

density and pore size measurement methods encompass helium pycnometry, water intrusion, and 

mercury intrusion (MIP) techniques [19].  Figure 2.7 shows the MIP process and setup, where a 

given pressure is applied on a porous sample immersed in mercury. The size of the pores can be 

determined from the pressure and the displaced volume of mercury in the penetrometer stem [52]. 

The Archimedes method, while useful for determining bulk porosity, has limitations in providing 

detailed information about the size, distribution, and morphology of pores, as noted by Wilson-

Heid et al. [53]. The method offers insight into the overall void volume but does not distinguish 

between intentional internal pore spaces and trapped powder left after fabrication. The inclusion 

of trapped powder introduces uncertainty in the measurement and prevents an accurate assessment 

of the true volume of intentional internal pore space. As a result, the Archimedes method may not 

be suitable for a comprehensive understanding of the specific characteristics and impact of 

different types of pores on material properties [53]. 

 

Figure 2.7 : Pores in porous sample filling with mercury under an applied pressure in the glass 

penetrometer [52]. 
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Optical microscopy is a widely accessible characterization technique employed to observe powder 

feedstock, microstructure, surface profiles, and defects in AM samples. Low-resolution optical 

microscopy is commonly utilized to assess the particle size distributions of the powder feedstock 

before the printing process. When characterizing AM parts, the surfaces of the samples are 

typically polished using a series of fine grit sandpapers and other grinding solutions such as 

diamond slurry. A sample can be vertically cut into sections to prepare cross sections of layers 

lying parallel or vertical to the scan plane of the AM process. Depending on the illumination of the 

samples, an appropriate preparation of grayscale micrographs is essential. Remaining scratches 

from the polishing treatment can be eliminated by adjusting the contrast, and selecting the correct 

threshold values enables a clear identification of the defects. Figure 2.8 illustrates pores visualized 

using optical microscopy. Figure 2.8a shows pores at the lowest magnification level, while Figure 

2.8e shows the same area at a higher magnification [51]. Pores, micro-voids, and cracks can be 

detected using optical imaging [40], [54]. 

 

Figure 2.8 : Porosity visible through optical microscopy in Ti64 EBM at different magnifications 

[55].  
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While the methods described can be rapid and cost-effective, they only provide a preliminary 

approximation of the defect structures observed in metal AM and cannot generate information such 

as the three-dimensional (3D) spatial distribution and morphology of defects [40]. More time-

intensive techniques such as X-ray computed tomography (XCT) have proven to be valuable in 

analyzing defect structures in metal AM [40]. Air (pores) and bulk material have specific gray 

values in the XCT grayscale, representing their respective intensity values. Air, with little 

attenuation, is displayed as low density (dark), whereas the fully melted print, exhibiting high 

attenuation, is displayed as high density (bright) [51], [56]. The difference in attenuation allows 

defects to be identified in a spatial distribution for a given print. An example of XCT scanning 

used for pore detection is shown in Figure 2.9. 

 

Figure 2.9 : Pores in L-PBF EBM Ti64 detected through x-ray tomography [57].  

  



18 

 

Murakami [58] explored the potential configurations of defects using the effective defect size 

√𝑎𝑟𝑒𝑎𝑒𝑓𝑓, which differs from the actual defect size. Utilizing the effective area method considers 

the proximity of the defect to the surface. Initial fatigue crack growth for irregularly shaped cracks 

and defects initiates from the deepest concave corner point due to the high stress intensity factor 

at that location. Consequently, lack of fusion defects and keyhole defects in as-built parts can have 

a significant impact on the fatigue properties of the part. The effective area of various defect 

configurations is illustrated in Figure 2.10 [58]. 

 

Figure 2.10 : Estimation method for the effective size (dotted line) of irregularly shaped defects 

and defects near surface. (a) Irregularly shaped internal defect. (b) Irregularly shaped surface 

defect. (c) Irregularly shaped internal defect in interaction with surface. (d) Interacting adjacent 

two defects. (e) Inclined defect in contact with surface [58]. 

Another method used to estimate the sizes of defects is the Feret diameter method, illustrated in 

Figure 2.11 below. The Feret diameter method considers the largest distance between two parallel 

tangential lines in any in-plane direction of a defect [59]. 

 

 

Figure 2.11 : Feret diameter parameter [59] 
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2.6 Influence of defects on mechanical properties 
 

As additive manufacturing and Powder Bed Fusion (PBF) technologies continue to advance, it 

becomes evident that the formation of pores and their distributions is complex [57]. Inappropriate 

process parameters, as emphasized by Ran et al [12], can result in incomplete melting or non-

melting of powder, leading to the formation of defects such as gas pores, lack of fusion, and 

keyhole defects. These defects, in turn, contribute to a reduction in the mechanical properties of 

specimens. The effects of these pores on mechanical properties are diverse and not yet fully 

understood. For instance, irregular lack of fusion pores may be expected to act as stress 

concentrators more than small, near-spherical metallurgical or gas pores. However, explicit testing 

of this hypothesis has been limited until recently due to the emergence of x-ray tomography in 

studies focusing on the "effect of defects"[57]. It is important to understand the geometry, location, 

and distribution of defects to comprehend their influence on mechanical properties. 

 

2.6.1 Tensile properties 

 

Du Plessis et al. [57] studied the effect of defects on mechanical properties in metal additive 

manufacturing. The authors manufactured a series of Ti-6Al-4V investment cast rods, machined 

to tensile dog bone geometry, with pores all located in the middle of the tensile axis. The authors 

artificially induced porosity in the range of 0.7–1.2% by varying process parameters. They found 

that the ductility is strongly influenced by the porosity level but not the ultimate tensile strength. 

In a series of tests using X-ray tomography and mechanical testing, it was found by static tensile 

tests that the failure almost always occurs at the largest pore (despite different microstructures in 

different batches of samples) and that pore size was inversely correlated with yield strength and 

ductility. However, even for pores up to 4 mm in diameter in a 6 mm gauge diameter, the yield 

strength was still close to that of the wrought standard. 

In a study conducted by Gong et al [60] on the impact of defects on the mechanical properties of 

Ti–6Al–4V components, the authors observed that porosity levels of up to 1% had minimal effects 

on tensile strength or elongation to failure when defects were caused by excessive energy input, 

specifically in the form of keyhole mode pores, which are rounded. However, when samples were 

manufactured under non-optimal process parameters with insufficient energy input resulting in 

lack of fusion defects that were typically larger and irregularly shaped, even 1% porosity had a 

detrimental effect on mechanical properties [57]. As porosity increased, both strength and ductility 

were reduced, with failures more likely to initiate at the largest pores. Lack of fusion pores, 

characterized by their irregular shape, were shown to have a more pronounced impact on 

mechanical properties compared to other forms of porosity [57]. 
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In an experimental investigation into Laser Powder Bed Fusion (L-PBF) of 316L stainless steel, 

Wilson-Heid et al. [53] deliberately introduced a single artificial flat, circular pore with varying 

diameters in 11 different circular EBM samples, emulating lack of fusion. The artificial pores are 

illustrated in Figure 2.12. The tensile testing performed followed the ASTM E8 testing method, 

with a strain rate of 0.015 in/in/min. The primary objective of the study was to isolate the role of 

internal pores on the tensile properties of austenitic stainless-steel samples produced using L-PBF 

and gain a direct understanding of the impact of initial void size on the material's tensile properties. 

Utilizing the Archimedes density technique, the researchers determined that the average bulk 

porosity of the dense samples was 0.60 ± 0.2%. The bulk porosity remained relatively constant up 

to the maximum designed 4800μm pore samples, which exhibited an average bulk porosity of 

0.88 ± 0.2%. Notably, the 4200μm pore samples had the highest measured bulk porosity at 

0.95 ± 0.1%. During uniaxial tension testing of both dense samples and those with internal pores, 

distinct trends in mechanical properties emerged related to pore diameter within the 6 mm diameter 

sample. The presence of the pre-existing pore did not significantly affect the material's strength or 

ductility until the pore diameter reached or exceeded 600μm. The artificial defects present in this 

study were measured using ImageJ. At a pore diameter of 600μm, constituting 10% of the cross-

sectional diameter, the inclusion of the pore resulted in a substantial spread in data compared to 

samples with smaller pores or no pores. At 1200μm (20% of the cross-sectional diameter), seven 

out of nine samples failed at the pore. For a pore diameter of 1800μm (30% of the cross-sectional 

diameter), there was a repeatable reduction in the elongation to failure of the samples. Elongation 

to failure decreased significantly for pore diameters exceeding 1800μm, with the largest pore 

(4800μm in diameter) resulting in tensile elongations to failure of under 1.5%. Material strength 

deterioration occurred for pores greater than or equal to 2400μm in diameter within the 6mm 

diameter gauge region. The Ultimate Tensile Strength (UTS) dropped from 619 ± 3 MPa in the 

dense samples to 580 ± 5 MPa for samples with an internal pore measuring 2400μm in diameter. 

The strength of the material continued to decrease with increasing pore diameter, reaching a UTS 

of 297 ± 5 MPa in the sample with the maximum pore diameter of 4800μm. 
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Figure 2.12 : Eleven artificial pores characterised with XCT in different sample with 6mm gauge 

diameter [53]. 

 

In a study by Ran et al [12] involving fifteen Ti-6Al-4V samples, samples 1 through 5, had line 

offset and speed factors which were kept constant while varying focus offset at levels of 39mA, 

42mA, 45mA, 48mA, and 51mA. The purpose of the study was to determine the effect of process 

parameters on defect production and their influence on microstructure and tensile properties. The 

author reported no microstructural variation with the change in focus offset. The relative densities 

of these samples were reported as 98.49%, 98.55%, 98.63%, 98.19%, and 97.24%, respectively. 

The sample with the most defects (97.24% density) exhibited an ultimate tensile strength (UTS) 

and yield strength of 994.7MPa and 825.8MPa, respectively, with a Vickers hardness of 306.5HV. 

Conversely, the sample with the highest relative density showed a UTS and yield strength of 

982.6MPa and 782.6MPa, respectively, with a Vickers hardness of 326.2HV. These findings 

suggest that the percentage of defects in a part may not be directly correlated with UTS and yield 

strength. In Ran et al.'s study, Vickers hardness increased with an increase in density. 
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In a study by Radolf et al. [61] on the impact of defects on the mechanical properties of Ti-6Al-

4V prints, it was observed that an increasing defect area resulted in decreased elongation at 

fracture. However, the study revealed that the defect area itself is not solely responsible for the 

elongation at fracture. For instance, tensile samples built in the vertical direction exhibited 

approximately 8% elongation with a defect area of approximately 0.20-0.25mm², which 

corresponds to 0.4-0.5% of the fracture surface. In contrast, horizontal build prints with the same 

defect area exhibited 3% elongation. This discrepancy indicates that the size of the defect alone 

cannot fully account for the induced elongation. Other factors such as the shape, location, 

orientation of defects with respect to the load direction, and possibly their interaction with the 

printing orientation should also be considered in understanding the influence of defects on 

mechanical properties.  
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2.6.2 Fatigue properties 

 

Murakami [58] explored techniques for estimating the fatigue life based on the effective root area 

parameter presented in Section 2.5. The correlation between fatigue limit and Vickers hardness is 

presented in equation (3). Individual specimens were found to have different fatigue limits due to 

the presence of unique defects. Thirteen PBF specimens in the as-built condition were polished 

and tested at a stress ratio of R= -1. The specimens which had a runout for N= 1x107 were tested 

again at a higher stress and the size of defects at fracture origins was identified. This second testing 

was used to estimate the fatigue limit for individual specimens according to their actual defects, 

and then compare this estimate to the actual fatigue limit where the runout occurred. Accordingly, 

the author derived equation (4) to estimate the actual fatigue limit for the samples as a function of 

the effective root area parameter.  

𝜎𝑤,𝑖𝑑𝑒𝑎𝑙 = 1.6𝐻𝑣 ± 0.1𝐻𝑣 (3) 

 

𝜎𝑤 =
𝐶1(𝐻𝑣 + 120)

√𝑎𝑟𝑒𝑎𝑒𝑓𝑓

1
6

 (4) 

 

In equation (4), 𝜎𝑤 is the fatigue limit of the sample in MPa, Hv is the Vickers Hardness, C1 is the 

location parameter, and √𝑎𝑟𝑒𝑎𝑒𝑓𝑓 is Murakami’s effective area parameter, in µm, introduced in 

Section 2.5.  

The fatigue limit is influenced by the location parameter C1 in equation (4). This parameter was 

derived experimentally by Murakami and estimated to be 1.43 for surface defects, 1.41 for defects 

touching the surface and 1.56 for internal defects [62]. However, the author suggests an in-depth 

exploration of the configuration of defects and the potential heterogeneous microstructure 

surrounding defects caused by a lack of fusion. Given that the fatigue limit of AM specimens is 

impacted by the size of defects within each specimen, establishing a conclusive fatigue limit for a 

material based solely on S-N data is challenging without also considering defects. Furthermore, 

the author notes that lack of fusion defects proved to be more detrimental to fatigue life compared 

to other potential sources of failure.  

Radolf et al. [61] examined the monotonic and fatigue behavior of Ti-6Al-4V EBM solid samples 

using experimental, analytical, and numerical investigations. The authors printed 10 vertically and 

10 horizontally oriented circular fatigue coupons for cyclic testing. Strain-controlled testing at R= 

-1 was performed on an Instron hydraulic machine. After fracturing the samples and obtaining a 

strain amplitude-reversals to failure curve, a fractography analysis was performed under an optical 

microscope. The fractography analysis revealed that the failure was initiated either by lack of 

fusion defects or by porosity defects, occurring in both vertical and horizontal prints. Further, the 

fractography analyses revealed that LOF defects are the primary crack initiation factor in all 

investigated EBM Ti-6Al-4V samples. Figure 2.13a) and b) show an example of the fracture 

surface of a sample with a surface LOF defect. Figure 2.13c) and d) show an example of the 

fracture surface of a sample with an internal LOF defect, and Figure 2.13e) through f) show 

examples of a fracture surface containing both LOF and gas porosity defects. 
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Figure 2.13 : Comparison of fatigue fracture surfaces of EBM manufactured Ti-6Al-4V samples 

[61].  
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Radolf et al. [61] analyzed these defects to predict the fatigue limit of the samples using the Root 

Area method, following Murakami's approach. The defect sizes fall within the range of 

approximately 120–300μm for vertically built specimens and 75–200μm for horizontally built 

specimens. A strain-life curve was calculated, revealing that the initially observed disparities in the 

stress-life curve between the vertical and horizontal directions were not the primary driving factor 

for the shorter fatigue life. Instead, the authors conclude that the size and location of defects play 

a more important role in determining the fatigue life of Ti64 EBM samples [61]. 

Sandell [63] conducted a study using X-ray micro tomography (XCT) of internal defects in 

electron beam melted Ti6Al4V and their impact on fatigue behavior. The researcher machined 12 

samples, which were then subjected to testing following the ASTM E606 standard (Strain-

controlled fatigue testing, R= -1) at a 1% strain level. In the 12 tested samples, the initiating defect 

size was measured to be 213μm, placing it in the 100th percentile of the total pores identified. This 

specimen failed after 12 334 cycles. The smallest initiator measured was 68.9μm, falling in the 

93.6th percentile, and this specimen failed after 18 712 cycles. In both cases, the pores were located 

within their diameter's distance from the surface. Figure 2.14 illustrates an example of pore sizes 

and their distribution. 

 

 

Figure 2.14 : Defect distributions in the gauge length projected along the load axis of the 

specimens. Black: all pores segmented from the XCT data. Orange: the ten largest segmented 

pores in each scan. Red: fracture initiating pores segmented in the XCT data. Blue: fracture 

initiating pores not segmented in the XCT data. Green: fracture initiating LOF defect. Arrows 

highlight defect positions [63].  
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Eleven out of the twelve samples experienced fractures at pores, while one sample fractured at a 

LOF defect. Except for two fracture-initiating pores located outside the XCT scanned volume, all 

other defects could be identified in the XCT data. Notably, all samples had fractures initiating at 

surface defects, and every initiation occurred at pre-existing defects. None of the samples had 

fractures initiated by any of the ten largest pores segmented in the sample gauge length. This 

observation suggests that, at the relatively high strain/stress level selected for the study, the 

proximity of the pore to the surface had a greater influence than the overall size of the pore in 

determining fracture initiation. Among all initiations identified in the fractography, only one pore 

was not at or within one pore diameter from the surface. The authors emphasize that closeness to 

the surface is a more indicative factor than size in predicting the location of failure at the stress 

levels investigated. Pores of all detectable sizes exhibited a seemingly random distribution in the 

plane perpendicular to the building direction. Moreover, at the tested loads, samples with larger 

pores generally had a shorter average life than samples with smaller pores. Notably, all fracture-

critical defects were found to be in the 90th to 100th percentile range of defect size, suggesting 

that using this portion of the collected data for statistical analysis and modeling is an effective tool 

to predict fatigue life. However, this method may be unreliable, as fatigue critical LOF defects 

were unable to be identified in the study [63]. 

Tammas-Williams et al. [64] investigated the impact of porosity on fatigue crack initiation in 

additively manufactured titanium components, using fractography and CT scanning techniques. 

Following the ASTM E466 standard (load-controlled fatigue testing at R= 0), the authors subjected 

13 samples to testing and examined the fracture surfaces to characterize critical defects. The stress-

cycle to failure curve with the characterization of defects is illustrated in Figure 2.15. Upon 

fractography analysis of all the samples tested, the researchers observed that critical fatigue cracks 

had originated from facets in 2 samples and from pores in 11 samples. Notably, in 10 out of the 11 

samples with pore-initiated cracks, the pores were situated very close to the surface. Both samples 

with facets at the critical crack initiation location were found to have secondary cracks originating 

from a surface pore. 
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Figure 2.15 : Effect of pore size on fatigue life – S-N curve showing only those samples that 

failed from porosity. The size and colour of the markers indicate the size of the pore (An) 

measured from SEM images of the fracture surface [64].  

Tammas-Williams et al. [64] also investigated the identification of pores most likely to initiate 

fatigue cracks by employing ranking strategies that considered pore size, aspect ratio, and 

proximity to the surface and to other pores. In this exploration, four fatigue samples were tested 

using the same standard, and interrupted fatigue testing with periodic CT inspections was 

conducted. During the testing, the authors identified both the specific pore from which cracks 

initiated and the number of cycles required for crack initiation in each of the four samples tested 

at 600 MPa. The fatigue testing maintained identical sample geometry and adhered to the same 

standard as in the previous tests, with periodic CT inspections carried out every 10,000 cycles. 

Cracks were detected by CT after 70,000, 100,000, and 120,000 cycles. Analysis revealed that in 

three out of the four samples, surface-initiating defects with root area parameters of 60μm, 50μm, 

and 50μm were observed. The sample with a bulk-initiating defect had a defect size of 170μm. 

Post-mortem fractography indicated that fatigue life was significantly influenced by the size of the 

initiating defect. However, CT scans demonstrated that the initiating defect was not necessarily the 

largest defect in all cases. The authors confirmed that the fatigue lives of samples manufactured 

by EBM AM are notably impacted by the presence of retained porosity. It was observed that in 

many cases, a surface defect, traditionally considered more benign from a conventional fracture 

mechanics perspective, could initiate a crack much earlier than suggested by the Murakami 

analysis. This highlights the importance of understanding and improving the fatigue life of AM 

components, where careful control of manufacturing process conditions can help avoid surface 

defects and enhance overall performance [64]. 
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Chapter 3 Research questions 
 

In the study that is the subject of this thesis, both the microstructure and mechanical properties of 

Ti-6Al-4V EBM samples produced with varying volumetric energy density were examined. 

Fifteen-millimetre cubes were first printed to examine the microstructural characteristics of the 

material. Ten tensile and twenty-four fatigue specimens were then printed to correlate the 

microstructural characteristics to mechanical properties. 

The influence of volumetric energy density on print density and the types of defects produced was 

studied, as well as the microstructural characteristics stemming from the selection of process 

parameters. The tensile properties and hardness of the specimens were obtained, as well as stress-

cycle to failure curves for printed specimens with respect to volumetric energy density. The 

experiments carried out aim to address the following research questions. 

 

• How does varying EBM process parameters such as energy density, scanning speed, and beam 

current influence the microstructure of Ti64 components? 

• What is the impact of EBM process parameters on the mechanical properties, such as tensile 

strength and hardness, of Ti64? 

• How do defects produced through the EBM process affect the fatigue properties of Ti64, and 

what are the critical factors that influence fatigue behaviour under load-controlled fatigue 

testing? 

• To what extent do variations in EBM process parameters contribute to the development of 

defects such as porosity and lack of fusion in Ti64 components, and how do these defects 

influence both mechanical properties and fatigue behaviour? 
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Chapter 4 Methodology 
 

4.1 Process window development 
 

Researchers employ a variety of approaches to establishing process windows for (EBM). 

Processing parameters including power, scan speed, layer thickness, hatch spacing, and scan 

strategy play an important role in determining the occurrence of defects and in defining the process 

window or printing a specific material. Typically, process windows are presented based on beam 

current or energy density plotted against scan speed. The boundaries on these plots delineate the 

process window and correspond to the prevention of defects such as lack of fusion, keyhole 

formation, and top surface swelling. The ultimate objective is to set these boundaries to achieve 

fully dense printed parts. Full density is often quantified as samples with a volumetric density 

exceeding 99%, although even within the established processing window, the occurrence of large 

defects remains a possibility [40]. 

Kirchner et al. [30] varied beam current and scan speed to evaluate the porosity and density of 

prints using the process window shown in Figure 4.1. Sharowsky et al. [9] varied energy density 

and scan speed to achieve dense Ti64 prints with a density surpassing 99.5% using the process 

window illustrated in Figure 4.3. Pobel et al. [31] examined the impact of beam power and scan 

speed on print quality, specifically focusing on porosity and the swelling of the top surface with 

the process window shown  in Figure 4.2. The cited authors use different strategies to develop their 

process windows and do so by varying different process parameters.  

The process window used for the study that is the subject of this thesis is shown in Figure 4.5, and 

was developed in a previous work conducted by Pantuso [65]. The current study evaluates the print 

quality in terms of beam power and scan speed as shown in in Figure 4.5, where the units of the 

process windows developed by Pantuso have been converted to beam power to ensure all process 

windows are compared using the same process parameters.  

The motivation behind incorporating insights from three distinct studies into the development of a 

process window for the study conducted by Pantuso [65] was to assess the repeatability of prints 

based on print parameters, and to identify any consistent trends across the studies described above. 

All three process windows share common parameters, including a layer height of 0.05mm and a 

line offset of 0.1mm, which have been adapted in Figure 4.4. However, the focus offset, provided 

only by Kirchner et al. at 3mA, introduces a potential source of variation among the prints from 

the three studies.  
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Figure 4.1 : Ti64 process window for EBM 

with varying beam power and scan speed 

[31]. 

 

 
Figure 4.2 : Process window for EBM of Ti64 

with varying beam current and scan speed. 

Blue circles mark samples with more than 1% 

porosity, while red circles mark pronounced 

swelling on top surface [30]. 

 
Figure 4.3 : Process window of Ti64 for EBM as a function of volume energy and scan speed 

[9]. 
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Figure 4.4 : Process window developed by Pantuso according to beam current, beam power, 

VED, and scan speed [65]. 

 

The relationship between beam power and beam current is given by Ohm’s law, where the beam 

power is given by the beam current multiplied by the beam voltage. All the samples from the 

studies used to define the process window have been printed on EBM equipment with a beam 

voltage of 60kV. The study by Sharowsky et al. [9] varies VED with respect to scan speed, and 

provides a layer height and hatch spacing of 50 µm and 100 µm respectively. Using equation (1), 

VED can be converted to beam power using the layer height and hatch spacing.  
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Converting all three studies to the same units allows their visualization on a single graph to define 

a process window incorporating a greater number of samples. The red markers in the process of 

window of Figure 4.5 indicate porous prints; the yellow markers indicate swelling of the top print 

surface; and the green markers indicate prints having a density exceeding 99%. 

 

Figure 4.5 : Process window for beam power versus scan speed used in this study. Adapted from 

[9], [30], [31], [65]. 
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The studies used in the process window in Figure 4.5 have different nomenclatures with respect to 

print quality. These nomenclatures are GOOD, POROUS, or UNEVEN SURFACE. GOOD is used 

to describe parts with a density over 99%. POROUS is used to describe parts with a density less 

than 99%. UNEVEN SURFACE is used to describe parts with noticeable aluminum loss, causing 

swelling on the top print surface. In Figure 4.5, two discernible boundaries are visible: the interface 

between yellow and green markers indicates the boundary for the top surface swelling defect, while 

the red-green interface indicates the boundary for the lack of fusion defect. The beam power and 

scan speed parameters selected for this study have been tailored to fall within these identified 

boundaries. 

The larger blue markers in Figure 4.5 represent the process parameters selected by Pantuso [65] 

for the specimens used in the current study. Converting beam power to VED using equation (1), 

these parameters correspond to volumetric energy inputs ranging from 25J/mm3 to 50 J/mm3. For 

each blue marker in Figure 4.5, two cubes were printed, each with a different focus offset value. 
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4.2 VED cubes 
 

4.2.1 Manufacturing 

 

Two sets of VED cubes were printed during the previous work [65]. The first set is shown in Figure 

4.6 and Figure 4.7, and was printed with a focus offset of 25mA. This did not allow for a proper 

focus of the electron beam on the print bed, creating multiple lack of fusion defects. This porosity 

was visible on the top surface of the samples. The unevenness of the top printed surface can be 

used as an indicator for the quality of the print; bumpy surfaces indicate the presence of defects, 

while swelled surfaces indicate a loss of aluminum by sublimation. This set was not used as part 

of the current study. All prints for this study used Ti6Al4V powder supplied by ARCAM, with a 

45µm to 106µm standard deviation in powder particle size [66].  

 
Figure 4.6 : VED cubes layout on powder bed 

 
Figure 4.7 : VED cubes layout off build plate 

 

The second set printed by Pantuso [65] had an adjusted focus offset of 6mA to allow a better focus 

of the beam on the build plate. The resulting samples, shown in Figure 4.8, were used as part of 

the current study. The process parameters used for the VED cubes are listed in Table 4.1. 

Calculated line energy, volume energy, and beam power parameters are also provided.  
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Figure 4.8 : Set of 30 VED cubes printed with a beam voltage of 60 kV, hatch spacing of 

0.1mm, layer thickness of 0.05mm, and focus offset of 6mA. 

 

 

Two stages of the manufacturing process are shown in Figure 4.9 and Figure 4.10. Figure 4.9 

shows the preheating of the powder, while Figure 4.10 shows the melting of the powder with the 

electron beam. 

 
Figure 4.9 : Powder preheating stage 

 
Figure 4.10 : Powder melting stage 
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Table 4.1 : VED Cubes Process Parameters 
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Cube 1 15 Snake 6 5100 5.1 10.6 0.1 34.0 0.12 24.9 636 

Cube 2 15 Snake 6 6700 6.7 14.0 0.1 44.7 0.13 25.1 840 

Cube 3 15 Snake 6 8400 8.4 17.5 0.1 56.0 0.13 25.0 1050 

Cube 4 15 Snake 6 9800 9.8 20.4 0.1 65.3 0.12 25.0 1224 

Cube 5 15 Snake 6 11500 11.5 24.0 0.1 76.7 0.13 25.0 1440 

Cube 6 15 Snake 6 2800 2.8 7.0 0.1 18.7 0.15 30.0 420 

Cube 7 15 Snake 6 4600 4.6 11.5 0.1 30.7 0.15 30.0 690 

Cube 8 15 Snake 6 6000 6.0 15.0 0.1 40.0 0.15 30.0 900 

Cube 9 15 Snake 6 7600 7.6 19.0 0.1 50.7 0.15 30.0 1140 

Cube 10 15 Snake 6 9800 9.8 24.5 0.1 65.3 0.15 30.0 1470 

Cube 11 15 Snake 6 2400 2.4 7.0 0.1 16.0 0.18 35.0 420 

Cube 12 15 Snake 6 4000 4.0 11.7 0.1 26.7 0.18 35.1 702 

Cube 13 15 Snake 6 5100 5.1 14.9 0.1 34.0 0.18 35.1 894 

Cube 14 15 Snake 6 6900 6.9 20.1 0.1 46.0 0.17 35.0 1206 

Cube 15 15 Snake 6 8600 8.6 25.1 0.1 57.3 0.18 35.0 1506 

Cube 16 15 Snake 6 2100 2.1 7.0 0.1 14.0 0.20 40.0 420 

Cube 17 15 Snake 6 3400 3.4 11.3 0.1 22.7 0.20 39.9 678 

Cube 18 15 Snake 6 4500 4.5 15.0 0.1 30.0 0.20 40.0 900 

Cube 19 15 Snake 6 6000 6.0 20.0 0.1 40.0 0.20 40.0 1200 

Cube 20 15 Snake 6 7500 7.5 25.0 0.1 50.0 0.20 40.0 1500 

Cube 21 15 Snake 6 1900 1.9 7.1 0.1 12.7 0.22 44.8 426 

Cube 22 15 Snake 6 3100 3.1 11.6 0.1 20.7 0.22 44.9 696 

Cube 23 15 Snake 6 4000 4.0 15.0 0.1 26.7 0.23 45.0 900 

Cube 24 15 Snake 6 5300 5.3 19.9 0.1 35.3 0.23 45.1 1194 

Cube 25 15 Snake 6 6700 6.7 25.1 0.1 44.7 0.22 45.0 1506 

Cube 26 15 Snake 6 1700 1.7 7.1 0.1 11.3 0.25 50.1 426 

Cube 27 15 Snake 6 2800 2.8 11.7 0.1 18.7 0.25 50.1 702 

Cube 28 15 Snake 6 3600 3.6 15.0 0.1 24.0 0.25 50.0 900 

Cube 29 15 Snake 6 4800 4.8 20.0 0.1 32.0 0.25 50.0 1200 

Cube 30 15 Snake 6 6000 6.0 25.0 0.1 40.0 0.25 50.0 1500 

 

  



37 

 

4.2.1.1 Initial visual examination 

 

The set of cubes printed with a focus offset of 6mA contained five smaples with a VED of  

25J/mm3, five at 30J/mm3, five at 35J/mm3, five cubes at 45J/mm3, and five cubes with a VED of 

50J/mm3 for a total of thirty cubes. The samples were numbered from 1 to 30, with the first 

25J/mm3  cube starting at number 1. The top surface of the samples were examined to assess the 

print quality and select process parameters and final settings for the manufacture of tensile and 

fatigue specimens. 

From the 50 VED samples, Cube #29 had the most even surface. From the 30 VED samples, Cube 

#8 had the most even surface. Figure 4.11 depicts the difference in the top surface smoothness 

from different specimens printed in the second run at a focus offset of 6mA. The surface of Cube 

#20 at 40VED is uneaven and bumpy compared to the surface of Cube #29, for example. 

Accordingly, the porosity of Cube #20 is expected to be higher than the porosity of Cube #29. 

 

Figure 4.11 : Difference in top surface of VED cubes related to pint quality. 

 

Cubes 8 (30 VED) and 29 (50VED) were selected to be used as the 30VED and 50VED parameters 

for the printing of the tensile and fatigue samples. The parameters were chosen based on criteria 

determined during the previous study by Pantuso [65].  

All cubes printed in the second set of VED cubes were used as part of the current study regardless 

of their porosity level. The samples were prepared for microstructural evaluation to correlate 

process parameters to microstructure. 

 

 

 

  



38 

 

4.2.2 Preparation of VED cubes 

 

The VED cubes were cut parallel to the build direction to view the different layers on the print. 

The cut was performed using a Struers SETOCOM-15 automatic precision cutting machine. A 

diamond-coated cut-off wheel of 200 mm outer diameter rotating at 1000rpm was used, advancing 

at a constant rate of 0.1mm/s. The cutting plane on the samples and the equipment are shown in 

Figure 4.12 and Figure 4.13. 

 
Figure 4.12 : VED cubes cutting plane 

parallel to build direction 

 
Figure 4.13 : Struers SECOTOM-15 

automatic cutting machine 

 

The half cubes were mounted with Buehler PhenoCure™ black pre-molds with a 1.25in outer 

diameter and set in a Struers Prestopress-3™. The samples were heated for 8 minutes with a 26kN 

force, then cooled with water for 4 minutes. The Struers mounting equipment and mounted samples 

are shown in Figure 4.14 and Figure 4.15, respectively. 
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Figure 4.14 : Struers Prestopress-3 

 

 
Figure 4.15 : Mounted VED cubes 

 

The mounted samples were polished using a three-step process performed following the guideline 

in the Buehler polishing guide [67]. The first step is grinding with a 320-grit sandpaper at 240rpm 

in the clockwise direction using water as a lubricant. Once no more saw marks were present on the 

specimens’ surface, the specimens were washed with soap and water to remove sanding/polishing 

material and dried using 70% or greater isopropyl alcohol.  

The second polishing step was performed on a nylon napless polishing cloth. The polishing 

compound is a 9µm MetaDi™ diamond paste. This step was performed at 120rpm in the 

counterclockwise direction on an automatic polisher using 10lbs of force on 5 samples using 

MetalDi™ fluid as lubricant. The criterion for successful coarse polishing is that no marks can be 

observed under the optical microscope at 50× magnification. After coarse polishing, the samples 

were washed with soap and water to remove sanding/polishing material, and dried using 70% or 

greater isopropyl alcohol. This process is depicted in Figure 4.16. 

The last polishing step involves a Microcloth™ napped polishing cloth with MasterMet™ 

colloidal silica at 120rpm in the counterclockwise direction. This step was performed for 15 

minutes. The criterion for successful fine polishing is that no marks from fine grinding can be 

observed under the optical microscope at 50× magnification. After fine polishing, the samples were 

washed with soap and water to remove polishing material and dried using 70% or greater isopropyl 

alcohol.  
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Figure 4.16 : Polishing process on nylon polishing pad with 9µm diamond paste. 

Because the samples were porous, the surface of each specimen was cleaned with compressed air 

after washing. If particles were observed coming out of the pores under the optical microscope at 

50× magnification after being cleaned with compressed air, the washing process was repeated until 

no particles are observed. This process avoids large scratches occurring at the next polishing steps 

because of cross-contamination. 

The last step of the sample’s preparation was to etch the samples with Kroll’s reagent. Kroll’s 

reagent is composed of 92.82% water, 6.11% nitric acid, and 1.07% hydrofluoric acid. The VED 

cubes were etched with this solution for 15 seconds, then rinsed with distilled water. The samples 

were then placed in an ultrasonic cleaner with distilled water for 30 minutes to remove all 

remaining hydrofluoric acid. 
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4.3 Tensile samples 
 

4.3.1 Manufacturing 

 

The tensile sample blanks were printed as part of the previous work by Pantuso [65]. Ten tensile 

specimens were printed on a single stack on the build plate. Five of these samples were printed 

with 30VED, denoted by the odd numbers in Figure 4.17. Five of the samples were printed with 

50VED denoted by the even numbers.  

The drawing of the initial geometry of the tensile samples is presented in Appendix A.  

  
Figure 4.17 : Set of 10 tensile samples printed with a beam voltage of 60 kV, hatch spacing of 

0.1mm, layer thickness of 0.05mm, and focus offset of 6mA. 30VED samples have a scan 

speed of 6.0 m/s and a beam current of 15.0 mA. 50VED samples have a scan speed of 4.8 m/s 

and a beam current of 20.0 mA. 
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4.3.2 Preparation of tensile samples 

 

Prior to machining the tensile samples, the support material was removed with a hammer and 

chisel. The tensile sample blank was manufactured with a nominal thickness of 7mm.  

Guo et al. [68] observed that the surface roughness can be improved with a material removal of 

100um, or 0.1mm. The final thickness of the sample has a nominal thickness of 6mm, allowing 

0.5mm to be removed from the top and bottom surfaces of the sample. In the case of this study, 

0.5mm corresponds to one build layer being removed from the top and bottom surfaces of the 

samples, allowing the gauge surface of the dogbone to be fully machined and smooth on all sides.  

After the support material is removed and the dogbone machined to the desired thickness, the 

samples were machined to their final shape by placing the specimen in a jig with three dowel pins 

to locate the specimen on the X and Y axes. The jig is shown in Figure 4.18 and Figure 4.19. 

 
Figure 4.18 : Machining jig on milling 

machine 

 
Figure 4.19 : Dowel pin positioning on 

machining jig 

 

The drawing for the final geometry of the tensile samples is presented in Appendix C. An 

inspection report for the tensile specimens is presented in Appendix F.  
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4.4 Fatigue samples 
 

4.4.1 Manufacturing 

 

The fatigue sample blanks were manufactured as part of the previous work conducted by Pantuso 

[65]. Twenty-four fatigue specimen blanks were printed, stacked in three layers on the build plate 

as shown in Figure 4.20 [69]. The drawing of the initial geometry of the fatigue samples is 

presented in Appendix B. Twelve of these samples were printed with 30VED, denoted by the odd 

numbers in Figure 4.17. The other twelve of the samples were printed with the 50VED and are 

denoted by the even numbers in Figure 4.20. 

 

 

 

 

 
Figure 4.20 : Set of 24 fatigue samples printed with a beam voltage of 60 kV, hatch spacing of 

0.1mm, layer thickness of 0.05mm, and focus offset of 6mA. 30VED samples have a scan 

speed of 6.0 m/s and a beam current of 15.0 mA. 50VED samples have a scan speed of 4.8 m/s 

and a beam current of 20.0 mA. 

 

4.4.2 Preparation of fatigue samples 

 

Prior to the machining of the fatigue samples, the support material was first removed with a 

hammer and chisel as shown in Figure 4.21. The samples were then centered on a four-jaw chuck 

to turn a diameter for gripping on the CNC lathe used to cut the profile as shown in Figure 4.22. 

The sample was then supported between centers on the CNC lathe to ensure a uniform gauge 

diameter is obtained throughout the gauge length of the specimen as shown in Figure 4.23. 
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Figure 4.21 : Removal of support material from fatigue samples. 

 

 
Figure 4.22 : Turning of fatigue sample 

gripping diameter on four-jaw chuck. 

 
Figure 4.23 : Turning fatigue profile between 

centers on CNC lathe. 

 

The part drawing for the final geometry of the fatigue samples in presented in Appendix D. An 

inspection report for the fatigue samples is presented in Appendix G.  
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4.5 Microstructure analysis 
 

4.5.1 Optical microscopy 

 

Microstructure  

An optical microscope was used to examine the VED cubes for microstructure and porosity 

defects. The samples were examined at 200X magnification, and an example is shown in Figure 

4.24. An additional examination was done at 500X magnification, and an example is provided in 

Figure 4.25, where the alpha lath structure is visible. 

 
Figure 4.24 : VED cube 1 etched surface at 

200X magnification. 

 
Figure 4.25 : VED cube 30 etched surface at 

500X magnification. 

 

Tensile samples and fatigue samples were observed under the optical microscope to determine the 

type of porosity defects present in the samples as a function of VED. The samples taken from the 

fatigue specimens were extracted at the extremity of the specimen from the material which had 

previously been used to hold the sample in the lathe as depicted in Figure 4.26. The porosity 

evaluation and fatigue testing could therefore be performed on the same specimen.  The tensile 

sample coupons were extracted from the gauge length of the samples after they were tested as 

shown in Figure 4.27. The build orientation was noted for the rectangular tensile samples, but not 

for the round fatigue samples.  
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Figure 4.26 : Coupon extraction location from fatigue samples. 

 

 

Figure 4.27 : Coupon extraction location from tensile samples. 

The tensile samples were analysed using optical microscopy to determine the configuration of 

defects with respect to print orientation. This observation and qualification of defect orientation is 

used to determine the type of lack of fusion produced. The defect configuration in the 30VED and 

50VED tensile samples is shown in Figure 4.28 and Figure 4.29. The photographs are taken on an 

optical microscope at 200X magnification.  

  



47 

 

 

 
Figure 4.28 : Defects in tensile sample #6 

(50VED) at 200X magnification. 

 
Figure 4.29 : Defects in tensile sample #1 

(30VED) at 200X magnification. 

 

The porosity of the fatigue samples was examined using optical microscopy to associate porosity 

to fatigue behavior. Five samples of the 30VED fatigue samples and five of the 50VED fatigue 

samples were used to obtain porosity measurements. 

Optical microscopy is used to determine the porosity of the section of the sample by determining 

the area of pores at a given cross-section in the sample. This method allows the size of defects to 

be captured in 2D but does not allow the 3D geometry of the defect to be captured. Lack of fusion 

defects with trapped powder are also difficult to capture using this method, as this defect is not 

entirely void and may not have the required color brightness contrast to be captured.  In addition, 

this method is area-specific, meaning each cross section will yield a different porosity value. An 

example of the method is provided in Figure 4.30 and Figure 4.31.  
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MIPAR was used to detect pores in cross sections of the fatigue samples. The brightness contrast 

of the pores with respect to the bulk material is captured by the software, which highlights the 

pores in red as shown in Figure 4.32.  

 

  
Figure 4.32 : Pore recognition from optical microscopy photograph. 

 

After the optical microscopy images were obtained, an approximation of the porosity level of the 

samples was obtained, however, the alpha laths could not be seen clearly, even at high 

magnification. The alpha lath width on the photographs did not contain enough pixels to be 

measured accurately and repeatedly. 

 
Figure 4.30 : Original photograph of 30 VED 

sample with pixel contrast between defects 

and metal. 

 
Figure 4.31 : Original photograph of 50 VED 

sample with pixel contrast between gas pores 

and metal. 
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4.5.2 Scanning electron microscopy 

 

The VED cubes were viewed under a scanning electron microscope to allow the alpha lath 

thickness to be measured. Photographs of the specimen were taken at 1000X, 2000X, and 4000X 

magnification. The electron microscope and a photograph of the VED sample 24 can be seen in 

Figure 4.33 and Figure 4.34. All images were taken with an accelerating voltage of 15kV. 

 

 
Figure 4.33 : Scanning electron microscope 

 
Figure 4.34 : Sample 24 microstructure at 

4000X magnification 

 

After the VED cubes were photographed on the SEM, the images were analysed using the image 

processing software MIPAR. The contrast between the alpha laths and the background was 

captured to measure the thickness of the laths. The advanced thickness algorithm of MIPAR was 

used, a method that quantifies the local thickness along features by measuring the diameter of the 

largest circle that can fit inside a feature with the center of the circle at each point along the 

feature’s skeleton [70]. Twenty laths were measured for each specimen, and measurements of the 

laths which were visible and identifiable were compiled. The highlighting of the alpha lath and the 

resulting thickness measurement is shown in Figure 4.35.  
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Figure 4.35 : Alpha lath thickness measuring algorithm. 
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4.5.3 Mercury intrusion porosimetry  

 

Mercury Intrusion Porosimetry (MIP) is a technique used for characterizing the pore size 

distribution, pore volume, and porosity of solid and powder materials. Samples are placed in a cell 

surrounded by liquid mercury, and pressure is exerted to drive the mercury into any voids or pores 

within the sample bed. Larger voids and pores are filled first at lower pressure, and as the pressure 

is elevated, progressively smaller pores begin to fill. The volume of mercury intruded into the 

sample is recorded at each pressure point. This method enables the determination of the volume of 

mercury intruded into the sample at each specific pore diameter, providing valuable information 

about the material's pore structure [71].  

The porosity obtained through this process uses equation (5) and requires the bulk volume of the 

sample and the skeletal volume of the sample as inputs. The bulk volume is calculated using 

equation (6), and includes the volume occupied by the pores. The skeletal volume is calculated 

using equation (7) and does not include the pores in the material connecting to the surface. Figure 

4.36 illustrates a penetrometer diagram used in MIP, with the different variables used to calculate 

porosity [72]. 

.  

 

Figure 4.36 : Penetrometer diagram in MIP [72] 

In equations (5) through (7), Vs(B) is the bulk volume of the sample, Vs(S) is the skeletal volume of 

the sample, Vpen is the penetrometer volume, VHg is the volume of mercury occupying the 

remaining space, and Vp is the total volume of pores filled by mercury. WPSHg is the total assembly 

weight, Wpen is the penetrometer volume, Ws is the sample weight, and 𝜌𝐻𝑔 is the density of 

mercury. All the weights are obtained prior to placing the penetrometer in the equipment for 

analysis. The variable Vp is obtained experimentally from the mercury entering the pores of the 

sample [72].  

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦(%) =  
𝑉𝑠(𝐵) − 𝑉𝑠(𝑆)

𝑉𝑠(𝐵)
∙ 100 (5) 

 

𝑉𝑠(𝐵) = 𝑉𝑝𝑒𝑛 − [
𝑊𝑃𝑆𝐻𝑔 − 𝑊𝑝𝑒𝑛 − 𝑊𝑠

𝜌𝐻𝑔
] (6) 
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𝑉𝑠(𝑆) = 𝑉𝑠(𝐵) − 𝑉𝑝 (7) 

 

The pore diameter is obtained using the Washburn equation, assuming all pores are spherical [73]. 

The Washburn Equation (8) is applied to establish a relationship between the applied pressure and 

the corresponding pore diameter.  

𝑟𝑝 =
2𝛾𝑐𝑜𝑠𝜃

𝑝
 (8) 

 

Where 𝑟𝑝 is the radius of the pore, the contact angle θ for mercury is 130 degrees, p is the applied 

pressure, and mercury surface tension γ is 485 dyne per cm.  

Mercury intrusion porosimetry (MIP) was used in this study to quantify the porosity of the fatigue 

samples. This method offers the advantage of capturing the porosity throughout the surface of the 

sample and not only through a 2D section.  

The Micrometrics AutoPore 9500 V1.09 shown in Figure 4.38 was used to perform the MIP 

analysis. This equipment has a low-pressure port to measure larger diameter pores, and a high-

pressure port for measuring smaller diameter pores. Sections of the fatigue samples were cut in 

four pieces, as shown in Figure 4.37, and the weight of the samples was between 1.0 and 1.5 grams. 

The mercury cell used has a volume of 5mL. For porosity measurements, two of the four pieces 

provided for each specimen were selected so that the penetrometer volume used is between 1% 

and 3%.  
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Figure 4.37 : Porosimetry samples in four pieces 

of 1.0g to 1.5g 

 
Figure 4.38 : Micrometrics AutoPore IV 

9500 mercury porosimeter 

 

The specifications for the low-pressure and high-pressure settings are presented in Table 4.2. These 

different settings allow for different pore sizes to be detected by the equipment.  

Table 4.2 : Micrometrics AutoPore IV 9500 low-pressure and high-pressure specifications [74] 

Parameters Low-Pressure High-Pressure 

Pressure  0- 50 psia Atmospheric pressure- 3000 psia 

Resolution  0.01 psi 0.1 psi 

Pore Diameter  3.6 - 360 µm 0.005 – 6 µm 

 

Similar to optical microscopy, MIP is unsensitive to trapped powder inside defects. This implies 

that regions identified as LOF defects are not completely filled with mercury, and therefore, the 

MIP method might not accurately capture the extent of porosity in these areas. The reason for the 

discrepancy is that the volume of LOF defects is partly occupied by un-melted powder, resulting 

in an underestimation of the porosity obtained using the MIP method. MIP may not fully account 

for the presence of partially melted powder within LOF defects, leading to a lower estimation of 

porosity than methods involving a precise capture of defects like XCT scanning.   



54 

 

4.5.4 Electron backscatter diffraction analysis 

 

Electron Backscatter Diffraction (EBSD) is a technique for materials characterization using a 

scanning electron microscope (SEM). In EBSD, the electron beam traverses the surface of a tilted 

(70 degrees) crystalline sample, producing diffracted electrons at each point. These electron 

patterns are detected and analyzed to provide information about the phase and crystallographic 

orientation. The technique enables a comprehensive characterization of the microstructural 

properties inherent to the sample [75]. 

EBSD was used for this study to obtain more accurate measurements of the alpha lath thickness. 

If the surface analysed is under etched, the value obtained for the alpha lath thickness will be 

smaller than its actual value. EBSD was used to obtain information about the alpha and beta phase 

percentage in the samples, as well as information on the prior beta grain width and their orientation. 

 

4.5.4.1 Sample preparation 

 

The tensile and fatigue samples were prepared for EBSD by trimming the phenolic mounts to a 

width of 15mm. The specimens were tilted to 70 degrees during the EBSD process, therefore the 

width of the specimens needed to be reduced to avoid collisions with the lens during the viewing 

process. The geometry of an EBSD sample and the EBSD setup are shown in Figure 4.39 and 

Figure 4.40, respectively.  

 
Figure 4.39: EBSD sample geometry 

 
Figure 4.40: EBSD testing setup [76] 
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4.5.4.2 Ion milling 

 

Ion milling is referred to as mechanical etching. This material processing technique used to remove 

material from a sample surface by bombarding it with a beam of charged nuclei.  Energized ions 

forcefully displace atoms and molecules from the sample surface through momentum transfer. Ion 

milling is used to eliminate thin layers of material and is an important tool for sample preparation, 

unveiling internal structures and facilitating the examination of compositions under electron 

microscopes [77]. 

For this experiment, ion milling was performed on the Hitachi ion milling system shown in Figure 

4.41. The specimen was tilted at an angle of 80 degrees with a gas flow of 0.1cm3/min and a 

discharge current of 400uA. The specimens were ion milled for 20 minutes. The ion milling 

process is shown in Figure 4.42, and the result of ion milling highlighting the prior beta grain 

structure of the Ti64 EBM sample is shown in Figure 4.43. 
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Figure 4.41 : Hitachi ion milling system 

 
Figure 4.42 : Ion milling process in Hitachi ion 

milling system 

 
Figure 4.43 : Prior beta grains highlighted 

with ion milling 
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4.5.4.3 Specimen mounting 

 

After ion milling, the specimens were mounted and secured on the microscope mounting plate 

with carbon tape and PELCO© Colloidal Graphite Isopropanol Based as shown in Figure 4.44 and 

Figure 4.45. Colloidal graphite is specified throughout the SEM industry as a conductive path from 

sample to SEM mount. The colloidal graphite was applied using a soft brush to mark the area of 

interest where ion milling was performed.  The prepared sample is then place in the Hitachi ultra-

high resolution scanning transmission electron microscope (STEM) shown in Figure 4.46.  

 

 
Figure 4.44 : PELCO© colloidal graphite 

application on ion-milled sample 

 
Figure 4.45 : Sample prepared for EBSD 

with colloidal graphite and carbon tape 
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Figure 4.46 : Hitachi ultra-high resolution scanning transmission electron microscope (STEM) 
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4.5.4.4 Image analysis 

 

The alpha lath thickness for the tensile and fatigue samples obtained from the Electron Backscatter 

Diffraction Analysis (EBDS) was obtained from the grain boundary map in Figure 4.47. MIPAR 

was used to perform the selection of alpha laths based on the contrast of the white grains and their 

darker grain boundary, and colors the grains in red, as shown in Figure 4.48.  Figure 4.49 provides 

a visual representation of the alpha lath thickness map obtained through this method. The thickness 

of each grain was calculated using the MIPAR advanced thickness algorithm, mentioned in section 

4.5.2. 

 

 

Figure 4.47 : EBSD grain boundary map. 

  
Figure 4.48 : Alpha lath recognition from grain boundary map 
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Figure 4.49 : Alpha lath thickness map obtained through MIPAR. 
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4.6 Mechanical properties 
 

4.6.1 Tensile testing  

 

Ten tensile specimens were tested according to the ASTM standard E8 [78]. The initial strain rate 

was set at 0.015 in/in/min. The testing machine operated in closed-loop control using the 

extensometer signal to determine the yield properties. The strain rate in in/min is obtained by 

multiplying the measured rate by the gauge length of the specimen. Once the yield properties were 

obtained, the strain rate was increased to 0.050 in/in/min. The extensometer is shown in Figure 

4.50, and the setup of the test is shown in Figure 4.51. The Instron tensile testing system with the 

EBM tensile samples setup is shown in Figure 4.52.  

The gips used for this experiment are Instron’s manual wedge action grips. Flat serrated grips were 

used, capable of holding specimens up to 0.250in in thickness. This type of grip can apply holding 

forces up to 50kN.  

 
Figure 4.50: Extensometer used for tensile 

samples tensile testing 

 
Figure 4.51: Test setup for tensile testing of 

tensile samples 
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Figure 4.52 : Tensile testing of specimens on Instron tensile testing system. 
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4.6.2 Hardness testing 

 

The hardness of all 10 tensile and 24 fatigue samples was obtained using a NewAge Industries 

Rockwell hardness testing system as shown in Figure 4.53 and 4.54. 

 
Figure 4.53 : Rockwell hardness testing of 

tensile samples 

 
Figure 4.54 : Rockwell hardness testing of 

fatigue samples 

 

The C scale was used for the Rockwell hardness testing. A load of 150kg load was applied to the 

specimen with a diamond tip. For each sample, 5 different readings were taken on each specimen. 

The readings were taken on the grips of the specimen, where the grips were not deformed by the 

clamping of the tensile testing. 

The round fatigue specimens had the measured Rockwell hardness values corrected by adding 2 

to the obtained value on the C scale. This correction is applied for specimens with a ½’’ outer 

diameter reading values between 35 and 40 HRC. 
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4.6.3 Initial tensile testing on fatigue samples 

 

Before subjecting the specimens to fatigue cycling, an initial tensile test was carried out to 

experimentally obtain the yield strength and Young's Modulus for each of the 24 fatigue samples. 

The application of less than 10 pre-strain cycles at 1% strain has been demonstrated to decrease 

both fatigue life and data scatter in steel and aluminum [79], [80]. The samples in this study were 

all subjected to a small plastic pre-strain with the objective of reducing data scatter. In addition, 

the data obtained from the pre-strain was used to estimate the yield strength of the fatigue samples 

and compare them to the results obtained from the tensile samples. 

The specimens were tested according to the ASTM standard E8 [78]. The strain rate was set to 

0.015 in/in/min. The testing machine operated in closed-loop control using the extensometer signal 

for determining the yield properties. The specimens were held with Instron’s mechanical wedge 

action tensile grips with a V-serrated pitch. The grips can hold specimens from 0.500in to 0.625in. 

The extensometer used has a gauge length of 25mm with a travel of 12.5mm. The extensometer 

and specimen setup with the grips and extensometer on the testing equipment are shown in Figure 

4.55 and Figure 4.56.  

The fatigue specimens were subjected to a plastic pre-strain, where the strain increased linearly at 

a rate of 0.015 in/in/min. The specimen was tested until a final strain rate of approximately 1.2% 

was obtained.  

 
Figure 4.55 : Extensometer used for yield 

properties of fatigue samples 

 
Figure 4.56 : Fatigue samples tensile testing 

test setup 
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4.6.4 Fatigue testing 

 

A baseline curve was determined with 14 solution heat treated and aged Ti64 samples prior to 

testing the EBM samples. The samples used for this baseline were tested following the ASTM 

E466 load controlled fatigue testing guidelines, which was the same standard used for the fatigue 

samples [81]. A runout fatigue sample from the baseline curve testing is shown in Figure 4.57. The 

drawing for the baseline curve samples is provided in Appendix E. The tests were performed at 

frequencies between 2 and 5Hz, and the error in the stress applied was +/1 2.5MPa. 

 

 

Figure 4.57 : Baseline Ti64 STA fatigue sample. 

 

Following the baseline tests, the EBM fatigue samples were tested according to the standard ASTM 

E466 [81]. The baseline curve was used to get a starting point for the stress levels of the EBM 

fatigue samples. As the baseline curve had a maximum testing stress of 1025MPa, the starting 

stress for testing was 900MPa. The stress was then converted to an applied load according to the 

diameter of the samples. The fatigue testing hydraulic grips are shown in Figure 4.58, and the 

overall testing setup is shown in Figure 4.59.  
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Figure 4.58 : MTS hydraulic wedge grips 

 
Figure 4.59: Fatigue testing setup on MTS 

hydraulic testing system 

 

The runout criterion for the samples was set at 2 million cycles. After specimens failed under 

fatigue testing, their number of cycles to failure was recorded next to their respective testing stress. 

The broken specimens were wrapped with masking tape to have their fracture surface examined 

under the optical and electron microscope.  
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4.6.5 Fracture surface analysis   

 

The fracture surface of each broken fatigue sample was examined using a Keyence VHX-5000 

digital optical microscope shown in Figure 4.60. The contrast in color between the fatigue crack 

growth region and the rapid fracture region can be identified by the crack growth regions being 

brighter than the fracture regions. Examples of fatigue surfaces from the 30 VED and 50 VED 

samples are presented in Figure 4.61 and Figure 4.62. The images were captured at 30X 

magnification. 

 

 

Figure 4.60: Keyence VHX-5000 digital optical microscope. 
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Figure 4.61 : Sample 18 fracture surface at 

30X magnification. 

 
Figure 4.62 : Sample 19 fracture surface at 

30X magnification. 

 

After the initial defects were located, the pictures were taken again at a higher magnification to 

isolate the critical defects causing failure. The size of the critical defect was then characterized 

using two different methods: Murakami’s root area method and the Feret diameter method, both 

presented in section 2.5.  

Murakami’s root area method considers the size of the defect, as well as the proximity of the defect 

to the surface. The closer the defect is to the surface, the larger its root area is. 

The Feret diameter method considers the largest distance between two parallel tangential lines in 

any in-plane direction of a defect [82]. As opposed to the root area method, the Feret diameter 

method does not take the proximity of the defect to the surface into account. The image processing 

software Image J was used to determine both the Feret diameter and the root area of the defects.  
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4.6.6 Energy-dispersive x-ray spectroscopy 

  

Energy Dispersive X-ray Spectrometry (EDS) is a method used to analyze the elemental 

composition of materials in a Scanning Electron Microscope (SEM). When a sample is exposed to 

an electron beam in a vacuum, the interaction generates electrons, X-rays, and light. These signals 

can be utilized to examine microstructure, composition, and crystal structure [83]. The microscope 

voltage was set to 15kV, which is the minimum recommended voltage for EDS. The accelerating 

voltage influences the interaction volume of the sample, as depicted in Figure 4.63.  

 

Figure 4.63 : Energy dispersive x-ray spectroscopy interaction volume according to accelerating 

voltage [84]. 

  

Prior to EDS, the samples were placed in an ultrasonic bath with alcohol to remove any residue 

from the fracture surface. The fracture surfaces of the fatigue samples were then placed in a 

scanning electron microscope for EDS analysis. The intent was to check the sample fracture 

surface for oxide contamination. An example of fatigue sample #5 undergoing EDS analysis is 

shown in Figure 4.64. The spectrum points shown indicate the points of analysis for elemental 

composition at various locations on and around the defect which had caused the fatigue failure. 
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Figure 4.64 : Fatigue sample 5 EDS using points of analysis. 
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Chapter 5 Results and discussion 
 

The following chapter presents the results obtained for the VED cubes, the tensile specimens, and 

the fatigue specimens, as well as a discussion on how the results compare to literature.  

5.1 Microstructure analysis 
 

5.1.1 Volumetric energy density cubes microstructure 

 

5.1.1.1 Top print surface visual inspection for porosity 

 

Results 

Upon examining the upper surfaces of the VED cubes, preliminary observations regarding sample 

porosity can be discerned. Figure 5.1 provides a visual representation, revealing that cubes 10, 15, 

20, and 25 exhibit rough top surfaces, indicative of high porosity. In contrast, samples 26-30 

present notably smoother surfaces, suggesting lower porosity. The rough surfaces are highlighted 

by red circles in Figure 5.1, while the smoother surfaces are identified by green circles. 

 

Figure 5.1 : VED cubes top surface inspection. 
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Discussion 

Ranking cubes with moderate porosity on their print surfaces (not denoted by red or green circles 

in Figure 5.1) relative to each other posed challenges. A viable approach to rate the porosity of the 

top surfaces would involve recording surface roughness through microscopy or employing a 

contact point surface roughness tester. This type of testing was not within the scope of the current 

study, however, could be considered for future investigations. Such an investigation would be 

useful for providing a more detailed analysis of surface characteristics and aiding in the accurate 

ranking of cubes in terms of porosity without the need to prepare the samples for metallography 

with mounting and polishing.  

 

5.1.1.2 Optical Microscopy 

 

5.1.1.2.1 Types of defects 

 

Results 

The identification of defects in the VED cubes followed the method outlined in Section 4.5.1. Two 

types of LOF defects were identified: intertrack and interlayer lack of fusion defects. Figure 5.2 

depicts both types of defects: the interlayer LOF are circled in red, and the intertrack LOF are 

circled in blue for VED Cube 10 in the ZX plane at 50X magnification, with positive Z being the 

build direction. This VED cube was built using a scan speed of 9800mm/s and a beam current of 

25.5 mA.  

 

Figure 5.2 : VED cube 10 interlayer and intertrack lack of fusion. 
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Figure 5.3 shows the surface of VED Cube 8 in the ZX plane at 50X magnification, with positive 

Z being the build direction. This cube was manufactured using a scan speed of 6000 mm/s and a 

beam current of 15 mA. In comparison to VED Cube 10, this parameter combination yields only 

interlayer type LOF defects.  

 

Figure 5.3 : VED cube 8 interlayer lack of fusion. 

Figure 5.4 presents the surface of VED cube 27 in the Z-X plane at 50X magnification, with 

positive Z being the build direction. This cube was manufactured using a scan speed of 2800 mm/s, 

and the beam current was set to 11.7 mA. This parameter combination yields gas porosity defects 

from trapped gas within the initial powder particles. 
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Figure 5.4 : VED cube 27 gas porosity. 

 

Discussion 

Gas pores exclusively characterize the surface defects observed on Cube 27, chosen as a 

representative example for 50VED. Similarly, Cubes 26 and 28-30 also exhibit only gas porosity 

defects. The creation of these defects is inherent to the Electron Beam Melting (EBM) process, 

originating from trapped gas within gas-atomized powder particles. This implies that the selection 

of process parameters for the 50 J/mm³ VED cubes was performed to ensure uniform melting of 

all particles, thereby avoiding Lack of Fusion (LOF) defects. 

In contrast, Cubes 8 and 10, both printed with a Volumetric Energy Density (VED) of 30 J/mm³, 

manifest different types of defects. This highlights the impact of individual print parameters on the 

overall print quality. For VED cube 10, adjusting the line offset (originally 0.1mm) and layer 

thickness (originally 0.05mm) could allow an increased overlap in the melt pool between melt 

tracks and layers. Alternatively, as only interlayer defects are present in VED cube 8 with this 

parameter combination, reducing the initially selected layer thickness of 0.05mm might increase 

the overlap between melt pools within layers and allow for a better print quality. All 30 J/mm3 

VED cubes have some form of LOF defect, meaning one or more parameters need adjustment to 

increase the overlaps between the melt pool. 
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5.1.1.2.2 Porosity quantification 

 

Results 

Figure 5.5 shows the highlighted gas pores from VED Cube 27. The methodology used to identify 

the pores and defects on the VED cubes is presented in Section 4.5.1. The calculated area for the 

pores is compared to the total area of the picture to obtain a value for porosity in the form of 

percentage.  

 

Figure 5.5 : Calculation of gas pore area with MIPAR. 

 

Table 5.1 summarizes the porosity levels of the VED cubes determined using optical microscopy. 

The method to determine this porosity is based on one photograph of the sample. This approach 

provides a capture of the porosity at one specific area in the sample but does not provide a value 

for overall porosity. All the micrographs and porosity distributions for the VED cubes are presented 

in Appendix H. Figure 5.6 to Figure 5.11 present an example of the pore area distribution obtained 

using MIPAR for the 25VED to 50VED samples. The width of the columns for the 25VED, 

30VED, 35VED, 40VED, 45VED, and 50VED samples are 2500µm2, 2500µm2, 2000µm2, 

2000µm2, 1000µm2, and 1250µm2, respectively. 
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Figure 5.6 : VED cube sample 1 porosity area 

distribution for 25 VED. 

 
Figure 5.7 : VED cube sample 8 porosity area 

distribution for 30 VED. 

 
Figure 5.8 : VED cube sample 13 porosity 

area distribution for 35 VED. 

 
Figure 5.9 : VED cube sample 17 porosity 

area distribution for 40 VED. 
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Figure 5.10 : VED cube sample 22 porosity 

area distribution for 45 VED. 

 
Figure 5.11 : VED cube sample 29 porosity 

area distribution for 50 VED. 

 

  



78 

 

Table 5.1 : VED Cubes Optical Microscopy Porosity  
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Cube 1 6 5100 5.1 10.6 0.1 34.0 0.12 24.9 636 2.88E+07 2.86E+06 9.91% 

Cube 2 6 6700 6.7 14.0 0.1 44.7 0.13 25.1 840 2.88E+07 2.14E+06 7.42% 

Cube 3 6 8400 8.4 17.5 0.1 56.0 0.13 25.0 1050 2.88E+07 3.40E+06 11.78% 

Cube 4 6 9800 9.8 20.4 0.1 65.3 0.12 25.0 1224 2.88E+07 2.09E+06 7.25% 

Cube 5 6 11500 11.5 24.0 0.1 76.7 0.13 25.0 1440 2.88E+07 3.84E+06 13.32% 

Cube 6 6 2800 2.8 7.0 0.1 18.7 0.15 30.0 420 2.88E+07 2.61E+06 9.04% 

Cube 7 6 4600 4.6 11.5 0.1 30.7 0.15 30.0 690 2.88E+07 1.10E+06 3.81% 

Cube 8 6 6000 6.0 15.0 0.1 40.0 0.15 30.0 900 2.71E+07 3.63E+05 1.34% 

Cube 9 6 7600 7.6 19.0 0.1 50.7 0.15 30.0 1140 2.88E+07 4.85E+05 1.68% 

Cube 10 6 9800 9.8 24.5 0.1 65.3 0.15 30.0 1470 2.88E+07 5.15E+06 17.84% 

Cube 11 6 2400 2.4 7.0 0.1 16.0 0.18 35.0 420 2.88E+07 1.49E+06 5.18% 

Cube 12 6 4000 4.0 11.7 0.1 26.7 0.18 35.1 702 2.88E+07 3.66E+05 1.27% 

Cube 13 6 5100 5.1 14.9 0.1 34.0 0.18 35.1 894 1.75E+06 5.19E+04 2.97% 

Cube 14 6 6900 6.9 20.1 0.1 46.0 0.17 35.0 1206 1.75E+06 6.86E+04 3.93% 

Cube 15 6 8600 8.6 25.1 0.1 57.3 0.18 35.0 1506 2.88E+07 3.08E+06 10.67% 

Cube 16 6 2100 2.1 7.0 0.1 14.0 0.20 40.0 420 2.88E+07 7.81E+05 2.71% 

Cube 17 6 3400 3.4 11.3 0.1 22.7 0.20 39.9 678 1.75E+06 3.46E+04 1.98% 

Cube 18 6 4500 4.5 15.0 0.1 30.0 0.20 40.0 900 1.75E+06 3.38E+04 1.94% 

Cube 19 6 6000 6.0 20.0 0.1 40.0 0.20 40.0 1200 1.75E+06 3.32E+03 0.19% 

Cube 20 6 7500 7.5 25.0 0.1 50.0 0.20 40.0 1500 2.88E+07 2.16E+06 7.49% 

Cube 21 6 1900 1.9 7.1 0.1 12.7 0.22 44.8 426 1.75E+06 6.52E+03 0.37% 

Cube 22 6 3100 3.1 11.6 0.1 20.7 0.22 44.9 696 1.75E+06 8.11E+03 0.46% 

Cube 23 6 4000 4.0 15.0 0.1 26.7 0.23 45.0 900 1.75E+06 2.84E+03 0.16% 

Cube 24 6 5300 5.3 19.9 0.1 35.3 0.23 45.1 1194 1.75E+06 1.29E+03 0.07% 

Cube 25 6 6700 6.7 25.1 0.1 44.7 0.22 45.0 1506 2.88E+07 1.81E+06 6.29% 

Cube 26 6 1700 1.7 7.1 0.1 11.3 0.25 50.1 426 1.75E+06 9.37E+02 0.05% 

Cube 27 6 2800 2.8 11.7 0.1 18.7 0.25 50.1 702 1.75E+06 5.89E+03 0.34% 

Cube 28 6 3600 3.6 15.0 0.1 24.0 0.25 50.0 900 1.75E+06 4.68E+03 0.27% 

Cube 29 6 4800 4.8 20.0 0.1 32.0 0.25 50.0 1200 1.75E+06 5.86E+03 0.34% 

Cube 30 6 6000 6.0 25.0 0.1 40.0 0.25 50.0 1500 1.75E+06 3.55E+03 0.20% 
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Discussion 

Cubes 19, 21-24, and 26 through 30 all have porosities lower than 1% when measured using the 

optical microscopy method. These cubes have a very uniform top print surface, as shown on Figure 

5.1. Cubes 10, 15, 20 and 25, however, all have very rough top surfaces after printing. This results 

in a high porosity level obtained using the optical microscopy method with porosities of 17.84%, 

10.67%, 7.49% and 6.29%, respectively. Cubes 10, 15, 20 and 25 with high porosities are located 

at the extremity of the build plate. It is possible that the angle of the beam reaching these areas 

contributed to the uneven print. 

The range of the distributions for the 25VED and 30 VED cubes is greater than the ranges for the 

35 VED to 50VED cubes. This could be attributed to the LOF defects present in the lower VED 

samples, which contain larger outlying defects, and a majority of smaller LOF defects. Moreover, 

the frequency of the porosity is lower in the 35VED to 50VED samples. The LOF defects are 

smaller is size and have less occurrences in the 40VED samples. Cubes with a 45VED and 50VED 

setting contain gas porosity defects, which are very regular in size. This could explain the narrower 

range of porosity defects areas obtain through the MIPAR image analysis. The frequency of these 

types of defects is also smaller than for LOF defects present in cubes with a lower VED. 

 

5.1.1.3 Scanning electron microscopy 

 

Results 

The alpha lath thickness values for selected VED cubes are presented in Table 5.2. The alpha lath 

thickness for these specimens was measured using a scanning electron microscope, following the 

methodology outlined in Section 4.5.2. Cubes 8 and 29, highlighted in gray in Table 5.2, had 

process parameters which were used for the fabrication of the tensile and fatigue specimens, with 

Cube 8 representing 30 VED and Cube 29 representing 50 VED. All the SEM micrographs for the 

alpha lath thickness measurements are presented in Appendix I. 
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Table 5.2 : Alpha Lath Thickness for VED Cubes through Scanning Electron Microscopy 
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Cube 1 6 5100 5.1 10.6 0.1 34.0 0.12 24.9 636 NA NA 

Cube 2 6 6700 6.7 14.0 0.1 44.7 0.13 25.1 840 NA NA 

Cube 3 6 8400 8.4 17.5 0.1 56.0 0.13 25.0 1050 NA NA 

Cube 4 6 9800 9.8 20.4 0.1 65.3 0.12 25.0 1224 NA NA 

Cube 5 6 11500 11.5 24.0 0.1 76.7 0.13 25.0 1440 NA NA 

Cube 6 6 2800 2.8 7.0 0.1 18.7 0.15 30.0 420 NA NA 

Cube 7 6 4600 4.6 11.5 0.1 30.7 0.15 30.0 690 0.65 0.18 

Cube 8 6 6000 6.0 15.0 0.1 40.0 0.15 30.0 900 0.73 0.15 

Cube 9 6 7600 7.6 19.0 0.1 50.7 0.15 30.0 1140 0.71 0.17 

Cube 10 6 9800 9.8 24.5 0.1 65.3 0.15 30.0 1470 NA NA 

Cube 11 6 2400 2.4 7.0 0.1 16.0 0.18 35.0 420 NA NA 

Cube 12 6 4000 4.0 11.7 0.1 26.7 0.18 35.1 702 NA NA 

Cube 13 6 5100 5.1 14.9 0.1 34.0 0.18 35.1 894 0.73 0.16 

Cube 14 6 6900 6.9 20.1 0.1 46.0 0.17 35.0 1206 NA NA 

Cube 15 6 8600 8.6 25.1 0.1 57.3 0.18 35.0 1506 NA NA 

Cube 16 6 2100 2.1 7.0 0.1 14.0 0.20 40.0 420 NA NA 

Cube 17 6 3400 3.4 11.3 0.1 22.7 0.20 39.9 678 0.64 0.15 

Cube 18 6 4500 4.5 15.0 0.1 30.0 0.20 40.0 900 NA NA 

Cube 19 6 6000 6.0 20.0 0.1 40.0 0.20 40.0 1200 NA NA 

Cube 20 6 7500 7.5 25.0 0.1 50.0 0.20 40.0 1500 NA NA 

Cube 21 6 1900 1.9 7.1 0.1 12.7 0.22 44.8 426 0.80 0.19 

Cube 22 6 3100 3.1 11.6 0.1 20.7 0.22 44.9 696 0.66 0.18 

Cube 23 6 4000 4.0 15.0 0.1 26.7 0.23 45.0 900 0.75 0.17 

Cube 24 6 5300 5.3 19.9 0.1 35.3 0.23 45.1 1194 0.78 0.19 

Cube 25 6 6700 6.7 25.1 0.1 44.7 0.22 45.0 1506 NA NA 

Cube 26 6 1700 1.7 7.1 0.1 11.3 0.25 50.1 426 0.66 0.11 

Cube 27 6 2800 2.8 11.7 0.1 18.7 0.25 50.1 702 0.74 0.21 

Cube 28 6 3600 3.6 15.0 0.1 24.0 0.25 50.0 900 0.72 0.17 

Cube 29 6 4800 4.8 20.0 0.1 32.0 0.25 50.0 1200 0.76 0.17 

Cube 30 6 6000 6.0 25.0 0.1 40.0 0.25 50.0 1500 0.65 0.15 
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Discussion 

Certain cubes exhibiting extensive porosity lacked accurate readings for their alpha lath thickness 

due to challenges in achieving proper polishing. The polishing process was hindered by the 

entrapment of polishing compound in large pores, leading to significant scratches on the sample 

surfaces. Samples labeled as "NA" in Table 5.2 indicate instances where porosity rendered them 

unsuitable for analysis with the available resources. 

For the 30 VED cubes, the average alpha lath thickness among three cubes was 0.70μm, with a 

standard deviation of 0.03μm. Similarly, the 50 VED cubes yielded an average alpha lath thickness 

among five cubes of 0.71μm, with a standard deviation of 0.04μm. There is no statistically 

significant difference in lath thickness between the 30 VED and 50 VED samples. This observation 

diverges from expectations based on the existing literature, which suggests that higher VED should 

result in increased energy input, leading to thicker laths. However, Moritz et al. [37] emphasize 

the unique influence of individual parameters on the resulting microstructure of printed materials. 

To induce a statistically significant change in alpha lath, careful consideration and individual 

variation of each parameter's sensitivity may be required to discern their impact on microstructural 

variation, as highlighted in this experiment. 
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5.1.2 Tensile samples microstructure 

 

5.1.2.1 Optical microscopy 

 

Results 

Figure 5.12 and Figure 5.13 illustrate the types of defects present in the tensile samples under 

optical microscopy at 200X magnification. Figure 5.12 is a tensile sample with 30 VED (sample 

1), while Figure 5.13 is a tensile sample with 50 VED (sample 6). The build direction for these 

samples is along the Z+ direction of the figure.  

 

Figure 5.12 : Tensile sample 1 interlayer LOF, printed at a VED of 30J/mm3, at 200X 

magnification. 
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Figure 5.13 : Tensile sample 6, printed at a VED of 50J/mm3, gas porosity defects at 200X 

magnification. 

 

Discussion 

The 30 VED tensile samples have some interlayer LOF defects present on the prepared surface as 

illustrated in Figure 5.12. No intertrack LOF defects were observed in any of the 30 or 50 VED 

samples. The presence of interlayer LOF defects in the 30VED tensile prints are expected, because 

Cube 8, which was used as a template for the 30VED tensile and fatigue samples, also has 

interlayer LOF present on the surface. Cubes with a VED of 50 only have gas pores observed on 

the surface, which corresponds to the defect types observed in the 50 VED tensile specimens such 

as the one illustrated in Figure 5.13. The porosity and types of defects is also affected by the 

geometry of the sample, as the melt pool cools differently with a different scanning path length. 

The types of defects and microstructure in the tensile samples and VED are therefore expected to 

have some variation with respect to each other.  
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5.1.2.2 Scanning electron microscopy 

 

Results 

The tensile specimens were analysed using the electron backscatter diffraction (EBDS) technique. 

This technique allows for a more accurate reading of the alpha lath thickness, which is obtained 

using a crystal orientation map. Prior to obtaining a crystal orientation map, it is necessary to obtain 

a phase map with a detection rate over 70%. This percentage is necessary to obtain an accurate 

map. The process of obtaining the phase map and crystal orientation map is outlined in Section 

4.5.4. Figure 5.14, Figure 5.15, and Figure 5.16 present the phase maps for tensile samples 1, 5, 

and 6 respectively.  

The phase maps presented show the different phases present in the material. Ti64 exists in the 

alpha phase and the beta phase. The alpha phase is present in the form of a hexagonal close-packed, 

or HCP structure. The beta phase is present in the form of a body centered cubic, or BCC structure. 

The probe used in the EBSD technique captures these phases and presents them using different 

colors. The blue color represents the alpha phase, while the red color, shown in a close-up view, 

represents the beta phase. The zero-solution pixels, which are defects, are represented in white. 

The BCC phase has more slip planes than the HCP phase, meaning that a Ti64 alloy containing a 

greater percentage of beta is more ductile than an alloy containing a smaller percentage of beta. 

All images show the samples on the plane parallel to the build direction, in the Y axis of the figures. 

The phases for acquisition are shown in Table 5.3, where the lattice parameters are given in 

angstroms.  

Table 5.3 : EBSD Phases for Acquisition for Tensile Samples 

Phase a b c Alpha Beta Gamma Space 

Group 

Database 

Ti-Hex 

(HCP) 

2.95 

Å 

2.95 

Å 

4.73 

Å 

90.00 

° 

90.00 

° 

120.00 ° 0 HKL 

Ti (BCC) 3.31 

Å 

3.31 

Å 

3.31 

Å 

90.00 

° 

90.00 

° 

90.00 ° 229 ICSD 
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Figure 5.14 : Tensile sample 1 phase map. 

 

Figure 5.15 : Tensile sample 5 phase map. 
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Figure 5.16 : Tensile sample 6 phase map. 

The term ‘hit rate’ is used to define the resolvable pixels of EBSD images, where the alpha and 

beta phases with their orientation can be determined. The hit rates for tensile samples 1,5, and 6, 

were 85.78%, 81.08%, and 91.69% respectively. After the phase maps for all tensile samples were 

obtained, the crystal orientation maps were developed. The grain boundaries in black in Figure 

5.14, Figure 5.15, and Figure 5.16 separate the individual grains and are set to have a 

misorientation angle of over 10 degrees. This angle represents the difference in crystal orientation 

according to a defined axis in a polycrystalline material. Accordingly, as each grain has a different 

crystal orientation, this difference in orientation is captured, yielding grain boundaries to obtain 

grain size.  

To visualize the prior beta grain structure and the individual alpha lath orientation, the inverse pole 

figure (IPF) coloring is used. For the crystal orientation maps for tensile samples 1 and 5 shown 

in Figure 5.17 and Figure 5.18, the IPF coloring in the Y direction was used, and the IPF coloring 

in the Z direction for tensile sample 6 map shown in Figure 5.19. These orientations are taken 

according to the sample main coordinate system. The Y axis is the build direction, while the Z axis 

is out of plane on all the crystal orientation plots. These directions for the IPF coloring have been 

selected according to which direction showed the most visible contrast between the prior beta 

grains.  
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Figure 5.17 : Tensile sample 1 crystal orientation map. 

 

Figure 5.18 : Tensile sample 5 crystal orientation map. 
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Figure 5.19 : Tensile sample 6 crystal orientation map. 

Figure 5.20, Figure 5.21, and Figure 5.22 present the alpha lath thickness distribution obtained 

from the grain boundary maps of the crystal orientation plot of tensile samples 1, 5, and 6. The 

width of each column representing alpha lath thickness is 0.05µm.  
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Figure 5.20 : Alpha lath thickness distribution 

for tensile sample 1 at 30VED. 

 

 
Figure 5.21 : Alpha lath thickness distribution 

for tensile sample 5 at 30VED. 

 

 
Figure 5.22 : Alpha lath thickness distribution for tensile sample 6 at 50VED. 
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Discussion 

Figure 5.23 presents a visualization of the identification of the prior beta grain structure present in 

Ti64 EBM. For illustration purposes, a crystal orientation map for tensile sample 6 at a 

magnification of 200X was chosen. The prior beta grain boundaries are highlighted in white on a 

close-up view, where four separate prior-beta grains can be observed. 

 

Figure 5.23 : Grain boundary identification in tensile sample 6 at 200X magnification. 
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The alpha lath thickness distribution for the 30 J/mm3 VED and 50 J/mm3 VED tensile samples 

are obtained from Figure 5.20 (sample 1), Figure 5.21 (sample 5), and Figure 5.22 (sample 6). 

Over 80,000 measurements were taken on each of the crystal orientation plots. Tensile sample 1 

was printed at the extremity of the build surface, while tensile samples 5 and 6 were at the center 

of the build plate.  

The thickness of the laths observed in all samples range from 0.525µm to 8.525 µm. In all cases, 

most of the measurements were on the lower bound of the histogram. The mode of the histogram 

is defined at the value that occurs most frequently in the data set. For sample 1, 90% of the 

measurements are between 0.525µm and 2.225µm, and the average taken in this range is 0.896 

µm. The mode of the histogram for the alpha lath thickness of this sample is in the first column, 

between 0.525 µm and 0.530 µm. The results for all the tensile samples analysed through EBSD 

are presented in Table 5.4. Notably, there is no statistically significant difference observed in alpha 

lath thickness between the tensile samples with varying VED or between samples printed at the 

extremity and center of the build plate. 

Table 5.4 : Tensile samples EBSD data from alpha lath thickness measurements 

Tensile sample # Measurement range Mode Average 

1 0.525µm - 2.225µm 0.525 µm - 0.530 µm 0.896 µm 

5 0.525µm - 2.825µm 0.525 µm - 0.530 µm 0.915 µm 

6 0.525µm - 2.675µm 0.525 µm - 0.530 µm 0.959 µm 

 

The alpha lath thickness determined through the Electron Backscatter Diffraction (EBSD) method 

yields similar values to those obtained using the method involving Kroll's reagent and scanning 

electron microscopy. The microstructure of a print, even with identical printing parameters, is 

influenced by geometrical features. The geometry of a sample impacts the cooling profile during 

printing, resulting in a distinct microstructure. This effect is particularly evident when small 

channels are present within a print, as they exhibit a faster cooling rate than the rest of the print. 

Given that the VED cubes and the tensile samples had different geometries, the alpha lath thickness 

might have varied slightly between the two sample types using the same method. However, 

significantly more grains have been measured using the EBSD method compared to the electron 

microscopy method. The automatic grain selection using MIIPAR also minimizes discrepancies in 

measurements between samples, as the user is not manually selecting and measuring individual 

grains. The accuracy of the grain measurements using MIPAR could be improved by scanning the 

samples at a higher magnification.  
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5.1.3 Fatigue samples microstructure 

 

5.1.3.1 Optical microscopy porosity  

 

Results 

The porosity level for the fatigue samples was determined using the methodology outlined in 

Section 4.5.1. This is the same method used for the VED cubes, where the areas of the pores were 

compared with the image area using MIPAR. Figure 5.24 shows the area of the pores in a typical 

50 J/mm3 VED fatigue sample, while Figure 5.25 shows the pores in a typical 30 J/mm3 VED 

fatigue sample.  

 

 

Figure 5.24 : Pores identification for 50 J/mm3 fatigue sample at 200X magnification. 
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Figure 5.25 : Pores identification for 30 J/mm3 fatigue sample at 50X magnification. 

Fatigue coupons for porosity evaluation were extracted from the fatigue samples using the 

methodology outlined in Section 4.5.1. Five samples were selected at random for each VED level 

from the set of 24 fatigue samples. The maximum Feret diameter and root area parameters for the 

pores were also recorded and will be compared to the defect’s parameters causing failure in Section 

5.2.2.3 to follow. Table 5.5 and Table 5.6 present the porosity results for the 30VED and 50VED 

fatigue samples.  
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Table 5.5 : Fatigue Samples Porosity at 30 J/mm3 VED 
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7 7.87E+07 3.93E+06 4.99% 1345.42 574.82 162.82 97.45 

9 7.87E+07 2.56E+06 3.25% 689.90 300.92 149.58 86.85 

19 7.87E+07 1.70E+06 2.16% 560.58 265.68 136.26 80.51 

21 7.87E+07 1.88E+06 2.39% 709.81 266.63 130.08 76.41 

23 7.87E+07 2.55E+06 3.24% 662.30 277.39 145.82 87.09 

Average - - - 3.21% 793.60 337.09 144.91 85.66 

STD DEV - - - 0.99% 280.65 119.54 11.30 7.14 

 

Table 5.6 : Fatigue Samples Porosity at 50 J/mm3 VED  

V
E

D
  

F
a

ti
g

u
e 

S
a

m
p

le
 N

o
. 

Im
a

g
e 

a
re

a
 (

µ
m

2
) 

P
o

re
s 

A
re

a
 (

µ
m

2
) 

P
o

ro
si

ty
 (

%
) 

M
a

x
im

u
m

 F
er

et
 D

ia
m

et
er

 

(µ
m

) 

M
a

x
im

u
m

 E
q

u
iv

a
le

n
t 

D
ia

m
et

er
 (

µ
m

) 

A
v

er
a

g
e 

F
er

et
 D

ia
m

et
er

  
 

(µ
m

) 
 

A
v

er
a

g
e 

E
q

u
iv

a
le

n
t 

D
ia

m
et

er
 

(µ
m

) 

5
0

V
E

D
  

16 2.62E+07 8.37E+04 0.32% 129.82 79.11 39.42 28.94 

18 2.62E+07 6.83E+04 0.26% 169.58 98.99 59.58 45.96 

20 2.62E+07 9.77E+04 0.37% 184.05 148.07 68.98 46.27 

22 2.62E+07 6.94E+04 0.26% 123.94 103.53 54.29 42.58 

24 2.62E+07 7.19E+04 0.27% 186.33 161.35 51.90 40.06 

Average - - - 0.30% 158.74 118.21 54.83 40.76 

STD DEV - - - 0.04% 26.71 31.20 9.69 6.34 
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Table 5.5 and Table 5.6 give maximum and minimum measurements for total pore area, Feret 

diameter and Murakami’s equivalent root area. However, individual measurements varied, and 

Figure 5.26 and Figure 5.27 present the distribution of the pore area obtained through MIPAR for 

the 50VED and 30VED samples, respectively. Figure 5.28 and Figure 5.29 present the Feret 

diameter of porosity observed in the 50VED and 30 VED samples, respectively. The width of the 

columns for the 50VED sample is 25µm, and 50µm for the 30 VED sample. Figure 5.30 and Figure 

5.31 present Murakami’s equivalent root area of porosity observed in the 50VED and 30 VED 

samples, respectively. The width of the columns for the 50VED sample is 25µm, and 50µm for the 

30 VED sample. All the porosity distribution histograms for the fatigue sample coupons are 

presented in Appendix J. 

  
Figure 5.26 : Defect area distribution for 50 

VED fatigue sample. 

Figure 5.27 : Defect area distribution for 30 

VED fatigue sample. 
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Figure 5.28 : Feret diameter distribution for 

50VED fatigue sample.  

Figure 5.29 : Feret diameter distribution for 

30VED fatigue sample. 

 

 

 
Figure 5.30 : Murakami’s equivalent root 

area distribution for 50VED fatigue sample.  

Figure 5.31 : Murakami’s equivalent root area 

distribution for 50VED fatigue sample. 

 



97 

 

Discussion 

The porosity calculations presented in Table 5.5 and Table 5.6 are obtained by assessing the area 

of all pores in relation to the overall image area to approximate the 2D porosity of the cross-section. 

While this approach does not provide information about pore size, it offers a reasonably accurate 

estimation for porosity measurements. The average porosity value for the 30VED samples is 

3.21%, and the average porosity value for the 50VED samples is much smaller at 0.30%. This is 

likely attributable to the different types of defects between the 50VED samples and the 30VED 

sample. The porosity distributions presented in Figure 5.26 and Figure 5.27 show that the defects 

are concentrated in first column of the histogram, where most defects are between 150µm2 and 

1000µm2 for the 50 VED sample, and between 1000µm2 and 10000µm2 for the 30VED samples. 

For the 30VED sample, Feret diameter values presented in Table 5.5 are notably larger than those 

for the 50VED samples from Table 5.6. The maximum Feret diameter obtained through this 

method is considered fairly accurate, as it corresponds to the largest detected defect in optical 

microscopy, providing a reliable estimate for the maximum defect size at a specific location. 

However, larger defects may exist in other cross-sections of the sample. As opposed to the porosity 

area distribution, the Feret diameter distributions presented in Figure 5.28 and Figure 5.29 have 

most occurrences in the second column of the histogram. Most defects are between 25µm and 

50µm for the 50VED sample, and between 50µm and 100µm for the 30VED sample.  

Significant differences exist in Murakami’s equivalent root area values between the 30VED and 

50VED samples, but the Feret diameter exhibits a more substantial difference. The maximum 

value from Murakami’s equivalent root area is also anticipated to be accurate, capturing the largest 

defect in the cross-section; larger defects may exist in other cross-sections of the sample. Similar 

to the porosity area distribution, the Feret diameter distributions shown in Figure 5.30 and Figure 

5.31 have the most occurrences in the first column of the histogram, where the majority of defects 

are between 13µm and 50µm for the 50VED sample, and between 13µm and 100µm for the 

30VED sample.  

LOF defects in the VED samples were non-circular and irregular in size, and their Feret diameter 

values are expected to be higher, encompassing the entire defect therefore yielding larger values.  

In the 50VED samples where pores are predominantly circular, there is not a significant difference 

between the values obtained through Feret and Equivalent diameter methods.  

Some circular defects in the 50VED samples have equivalent diameter and Feret diameter values 

larger than 150µm. The powder particle sizes supplied by ARCAM for Ti6Al4V range from 20µm 

to 150µm, measured by laser diffraction per ASTM B822 [66]. Gas porosity arises from the gas in 

between the powder particles, therefore defects caused by gas porosity must be smaller than 

150µm. Accordingly, circular defects larger than 150µm can be classified as keyhole porosity. An 

example of a keyhole porosity with an equivalent diameter of 161µm is shown in Figure 5.32. 
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Figure 5.32 : Keyhole porosity in 50VED fatigue sample. 

The histogram for Feret diameter has a mode at a higher value than Murakami’s root area 

distribution. This could be attributed to the Feret diameter being shape-dependent, while 

Murakami’s equivalent root area only considering the actual area of the porosity. Due to high 

standard deviations in both Feret and equivalent diameters, the average values lack statistical 

significance. 
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5.1.3.2 Fatigue samples mercury intrusion porosimetry 

 

Results 

Mercury intrusion porosimetry was performed on the same fatigue sample coupons used for the 

optical microscopy analysis with MIPAR in section 5.1.3.1. The method used for mercury intrusion 

porosimetry is outlined in Section 4.5.3.  

Using MIP provides the opportunity to analyse the porosity of the full sample rather than a single 

cross-section. The results obtained from MIP provide the opportunity to evaluate the accuracy of 

2D method presented in section 5.1.3.1. Five fatigue samples of 30VED and five fatigue samples 

of 50VED were used for MIP testing. 

Figure 5.33 and Figure 5.34 illustrate the porosity spectra for the 30J/mm3 and 50 J/mm3 VED 

fatigue samples. The spectra show the maximum detectable pore size in the samples using a low-

setting pressure of 2psia. The pore diameter is obtained using the Washburn equation in Equation 

(8) of section 4.5.3, assuming all pores are spherical. The low-pressure setting allows a maximum 

pore size of 90um to be detected with the equipment. For this reason, Figure 5.33 and Figure 5.34 

only presents the data for the pores smaller than 90um. However, as presented in section 5.1.3.1, 

there are several pores viewed through optical microscopy that are greater than this value.  

 

Figure 5.33 : Porosity spectrum for 30 J/mm3 VED fatigue sample. 
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Figure 5.34 : Porosity spectrum for 50 J/mm3 VED fatigue sample. 

 

 

Table 5.7 and Table 5.8 provide a summary of the porosity and the average pore diameter of the 

fatigue samples analysed with the MIP technique. The porosity reported is the bulk porosity of the 

sample taken at 2psia.  

Table 5.7 : 30 VED Porosity Results from MIP 

30 VED Sample number Porosity (%) Total Intrusion Volume 

(mL/g) 

7 0.44 1.10E-03 

9 0.22 5.36E-04 

19 0.19 4.77E-04 

21 0.30 7.84E-04 

23 1.01 2.60E-03 

Average 0.43 1.10E-03 

Standard Deviation 0.30 7.82E-04 
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Table 5.8 : 50 VED Porosity Results from MIP 

50 VED Sample number Porosity (%) Total Intrusion Volume 

(mL/g) 

16 0.19 4.73E-04 

18 0.86 2.18E-03 

20 0.30 7.48E-04 

22 0.19 4.72E-04 

24 0.25 6.23E-04 

Average 0.36 8.99E-04 

Standard Deviation 0.25 6.49E-04 

 

Discussion 

The porosity values for the 30VED samples in Table 5.7 are inconclusive, because pores over 

90µm were not detected using this method. Optical microscopy measurements in Table 5.5 provide 

a maximum porosity defect size with an equivalent diameter of 574.82µm, which is significantly 

over the limit for this equipment. 

The porosity reported using MIP for the 50VED samples is 0.36% on average, with a standard 

deviation of 0.25%. The porosity reported using MIPAR is 0.30% on average, with a standard 

deviation of 0.04%. The MIP method appears to yield smaller values than the MIPAR method upon 

a first examination, MIP has a pore detection range smaller than MIPAR. However, looking at 

sample 18 in Table 5.6, the porosity reported with MIP is significantly higher than the porosity 

reported with MIPAR. This suggests that the 2D analysis may not be as accurate, as some cross 

sections of the samples could contain larger porosity defects and have a higher porosity. Table 5.9 

provides a comparison between porosity values obtained through MIP and values obtained through 

2D analysis using MIPAR.  

Table 5.9 : MIP and MIPAR porosity comparison 

50 VED Sample number MIP Porosity (%) MIPAR Porosity (%) 

16 0.19 0.32 

18 0.86 0.26 

20 0.30 0.37 

22 0.19 0.26 

24 0.25 0.27 

Average 0.36 0.30 

Standard Deviation 0.25 0.04 
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From the MIPAR data, the maximum Feret diameter is 158.74 µm for the 50VED, and the 

maximum equivalent diameter is 118.21 µm. The Micrometrics AutoPore IV at the low-pressure 

setting can detect pores up to 360µm in diameter at a pressure of 0.5psia. This range would be 

more adequate to measure the porosity of EBM samples, as some defects can be larger in size and 

could be detected using this equipment. Conversely, this equipment would not be adequate to 

determine the porosity of samples containing LOF defects, which are greater than 500um, as 

outlined by the 30VED samples. It can also be hypothesized that the MIP technique would not be 

efficient at detecting LOF pores, as the mercury would not be able to consider the loose powders 

as voids or defects. 

 

5.1.3.3 Scanning electron microscopy 

 

Results 

The fatigue specimens were analysed using the electron backscatter diffraction (EBDS) technique. 

The process of obtaining the phase map and crystal orientation map is outlined in Section 4.5.4, 

and is the same method used for the tensile samples. Figure 5.35 and Figure 5.36 present the phase 

maps for fatigue samples 9 and 16, respectively.  

The probe used in the EBSD technique captures the alpha and beta phases and presents them using 

different colors. The blue color represents the alpha phase, while the red color, shown in a close-

up view, represents the beta phase. The zero-solution pixels, which are defects, are represented in 

white. All images are showing the samples on the plane parallel to the build direction, in the Y axis 

of the figures. The phases for acquisition are shown in Table 5.10, where the lattice parameters are 

given in angstroms.  

Table 5.10 : EBSD Phases for Acquisition for Fatigue Samples 

Phase a b c Alpha Beta Gamma Space 

Group 

Database 

Ti-Hex 

(HCP) 

2.95 

Å 

2.95 

Å 

4.73 

Å 

90.00 

° 

90.00 

° 

120.00 ° 0 HKL 

Ti (BCC) 3.31 

Å 

3.31 

Å 

3.31 

Å 

90.00 

° 

90.00 

° 

90.00 ° 229 ICSD 
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Figure 5.35 : Fatigue sample 9 phase map. 

 

Figure 5.36 : Fatigue sample 16 phase map. 
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The hit rates for fatigue samples 9 and 16 are 80.00% and 82.62% respectively.  To visualize the 

prior beta grain structure and the individual alpha lath orientation, the inverse pole figure (IPF) 

coloring is used. For fatigue samples 9 in Figure 5.37, the IPF coloring in the Z direction is used, 

and the IPF coloring in the Y direction is used for tensile sample 16 in Figure 5.38. These 

orientations are taken according to the sample main coordinate system, where the Z axis is out of 

plane on all the crystal orientation plots. The build direction for the fatigue samples was not 

recorded because the prints were machined in circular samples. The build direction (UP) could be 

along the X direction from Figure 5.37 and Figure 5.38 following the grain boundaries, but this 

information cannot be confirmed. The directions for the IPF coloring have been selected according 

to which direction showed the most visible contrast between the prior beta grains and their grain 

boundaries.  

 

Figure 5.37 : Fatigue sample 9 crystal orientation map. 
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Figure 5.38 : Fatigue sample 16 crystal orientation map. 

Figure 5.39 and Figure 5.40 presents the distribution of the alpha lath thickness measurements 

obtained from the grain boundary maps of the crystal orientation plot of fatigue samples 9 and 16. 

The width of each column representing alpha lath thickness is 0.05µm.  
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Figure 5.39 : Alpha lath thickness distribution 

for fatigue sample 9 at 30VED. 

 
Figure 5.40 : Alpha lath thickness distribution 

for fatigue sample 16 at 50VED. 

 

Discussion 

The distribution of the alpha lath thickness measurements for the 30 J/mm3 VED and 50 J/mm3 

VED fatigue samples are shown in Figure 5.39 for sample 9 and in Figure 5.40 for sample 16. 

Over 80000 measurements were taken on each of the crystal orientation plots. Fatigue sample 9 

and 16 were both printed at the extremity of the build plate. 

The thickness of the laths observed in all samples range from 0.525µm to 10.025 µm. In all cases, 

most of the measurements were on the lower bound of the histogram. The mode of the histogram 

for the alpha lath thickness of this sample is in the first column, between 0.525 µm and 0.530 µm. 

For sample 9, 90% of the measurements are between 0.525µm and 3.625µm, and the average in 

this range is 1.025 µm. The results for all the fatigue samples analysed through EBSD are presented 

in Table 5.11. Notably, there is no statistically significant difference observed in alpha lath 

thickness between the fatigue samples with varying VED. 
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Table 5.11 : Fatigue samples EBSD data from alpha lath thickness measurements 

Fatigue sample # Measurement range Mode Average 

9 0.525µm - 3.625µm 0.525 µm - 0.530 µm 1.025 µm 

16 0.525µm - 2.125µm 0.525 µm - 0.530 µm 0.823µm 

 

In the analysis of the thickness of the alpha laths obtained through optical microscopy, detailed in 

Section 5.1.1, the 30 J/mm3 VED cubes exhibit an average alpha lath thickness of 0.70μm, with a 

standard deviation of 0.03μm, while the 50 J/mm3 VED cubes display an average thickness of 

0.71μm, with a standard deviation of 0.04μm. In section 5.1.2.2, the average of the alpha lath 

thickness for 90% of the grain population from the EBSD analysis was 0.896 µm, 0.915 µm, and 

0.959 µm, for tensile samples 1, 5, and 6, respectively. Notably, there is no statistically significant 

difference observed in alpha lath thickness between the tensile samples, VED cubes, and fatigue 

samples with varying VED, or between samples printed at the extremity and center of the build 

plate. 
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5.2 Mechanical properties 
 

5.2.1 Tensile samples mechanical properties 

 

Results 

The mechanical properties of the tensile samples were obtained using the methodology for tensile 

testing presented in Section 4.6.1, and compared to the microstructural features identified in 

section 5.1.2. Table 5.12 provides reference mechanical properties for a solution heat treated and 

aged Ti64 sample with a microstructure of beta globules interspersed throughout a matrix of fully 

equiaxed alpha grains of mean diameter 2.5µm [85]. Table 5.13 and Table 5.14 present the 

mechanical properties for the 30 J/mm3 VED and the 50 J/mm3 VED tensile samples, respectively. 

Figure 5.41 and Figure 5.42 provide sample stress-strain curves for the 30VED and 50VED 

samples, respectively. The remaining stress-strain curves can be found in Appendix K. 

 

Figure 5.41 : Tensile sample 4 manufactured with 30VED stress-strain curve according to ASTM 

E8 standard. 
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Figure 5.42 : Tensile sample 5 manufactured with 50VED stress-strain curve according to ASTM 

E8 standard. 

 

Table 5.12 : Percent Elongation, Young’s Modulus, Yield Strength, and Rockwell Hardness for 

Grade 5 Ti64 STA Samples.  

Material % EL at 

Fracture 

% EL Young's 

Modulus E 

(GPa) 

Yield Strength 

(MPa) 

UTS 

(MPa) 

Hardness, 

Rockwell C 

Grade 5 Ti64, 

STA 

10 NA 114 1100 1170 41 
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 Table 5.13 : Percent Elongation, Young’s Modulus, Yield Strength, Ultimate Strength, and 

Rockwell Hardness for 30VED Ti64 EBM Tensile Samples. 

VED Tensile 

Sample # 

% EL at 

Fracture 

% 

EL 

Young's 

Modulus E 

(GPa) 

Yield 

Strength 

(MPa) 

UTS 

(MPa) 

Hardness, 

Rockwell C 

3
0

V
E

D
 

1 9.2 3.7 114 1000 1079 35.1 

3 10.4 8.8 121 1035 1095 36.3 

5 10.1 8.7 115 1027 1080 35.3 

7 14.2 13.8 117 1021 1080 36.7 

9 14.3 13.4 119 1041 1100 37.3 

Average 11.6 9.7 117 1025 1087 36.1 

STD 

DEV 

2.2 3.7 3 14 9 0.8 

 % Deviation from 

baseline 

  
6.8 7.1 11.9 

 

Table 5.14: Percent Elongation, Young’s Modulus, Yield Strength, Ultimate Strength, and 

Rockwell Hardness for 50VED Ti64 EBM Tensile Samples. *Indicates failure before yield. 

VED Tensile 

Sample # 

% EL at 

Fracture 

% 

EL 

Young's 

Modulus E 

(GPa) 

Yield Strength 

(MPa) 

UTS 

(MPa) 

Hardness, 

Rockwell C 

5
0

V
E

D
 

 

2 10.8 8.4 114 1037 1093 36.7 

4 10.2 8.7 118 1014 1070 34.3 

6 14.4 13.3 117 1000 1065 37.0 

8 13.2 12.4 118 1023 1082 36.2 

10* NA NA 95 683 683 11.5 

Average 12.1 10.7 117 1018 1078 36.0 

STD 

DEV 

1.7 2.2 1,3 14 11 1.1 

 
% Deviation from 

baseline 

  
7.4 7.9 12.1 
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 Discussion 

Tensile sample 10 had a very high porosity level after being printed, and the sample’s low hardness 

value supports the results of the visual examination. High levels of porosity were observed in 

samples from one extremity of the build plate, and one possible cause for this porosity could be 

the calibration of the build plate. The results of the tensile testing of sample 10 was not used to 

calculate the average values in Table 5.14. With reference to the results in Table 5.13 and Table 

5.14, there is no statistically significant difference between the tensile properties of the 30VED 

and 50VED samples.  

The results indicate that, although the print settings for the 30VED and 50VED samples is 

different, the tensile properties of the tensile samples are not affected by this difference. Another 

point of interest when comparing the EBM samples tensile properties to the baseline samples is 

the % elongation at fracture. Materials with a larger grain size are expected to have greater ductility 

[9]. However, in this study, the baseline sample with a grain size of 2.5µm has a 10% elongation 

at fracture, while the EBM samples with smaller grains have a % elongation of 11.6% +/- 2.2 and 

12.1% +/- 1.7 for the 30VED and 50VED respectively. In section 5.1.2.2, the average of the alpha 

lath thickness for 90% of the grain population from the EBSD analysis was 0.896 µm, 0.915 µm, 

and 0.959 µm, for tensile samples 1 at 30VED, sample 5 at 30VED, and sample 6 at 50VED, 

respectively. 
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5.2.2 Fatigue samples mechanical properties  

 

5.2.2.1 Tensile properties 

 

Results 

The tensile properties of all 24 fatigue samples were obtained following the methodology outlined 

in Section 4.6.3, and the results are presented in Table 5.15 for the 30VED fatigue specimens and 

Table 5.16 for the 50VED fatigue specimens. The Rockwell hardness values for the fatigue 

samples were obtained following the methodology outlined in section 4.6.2. 

Of the 24 samples, the extensometer slipped during the testing for samples 1-4, and the results 

were incorrect. Figure 5.43 and Figure 5.44 provide sample stress-strain curves for the 30VED and 

50VED samples, respectively. The remaining stress-strain curves can be found in Appendix L. 

 

 

Figure 5.43 : Fatigue sample 9 manufactured with 30VED stress-strain curve according to ASTM 

E8 standard. 
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Figure 5.44 : Fatigue sample 8 manufactured with 50VED stress-strain curve according to ASTM 

E8 standard. 

Table 5.15 : 30VED fatigue specimens Young’s Modulus, Yield Strength, and Rockwell 

hardness. *Indicates extensometer slippage. 

Fatigue 

Sample # 

Young's 

Modulus E 

(GPa) 

Yield 

Strength 

(MPa) 

Hardness, 

Rockwell C 

1* 102 953 33.9 

3* 115 995 34.9 

5 111 995 32.5 

7 109 971 32.1 

9 112 975 29.3 

11 108 995 35.0 

13 110 999 34.4 

15 109 995 31.8 

17 84 745 28.6 

19 113 1015 35.2 

21 116 1008 35.2 

23 107 985 33.9 

Average 110 990 33.5 

STD DEV 4 17 1.8 

 

0

200

400

600

800

1000

1200

0 0,2 0,4 0,6 0,8 1 1,2 1,4

St
re

ss
 (

M
P

a)

Strain (%)

Ti64 EBM Fatigue Sample 8 Stress-Strain Curve  



114 

 

Table 5.16 : 50VED fatigue specimens Young’s Modulus, Yield Strength, and Rockwell 

hardness. *Indicates extensometer slippage.  

Fatigue 

Sample # 

Young's 

Modulus E 

(GPa) 

Yield 

Strength 

(MPa) 

Hardness, 

Rockwell C 

2* 111 1 007 39.5 

4* 118 1 017 39.8 

6 141 1033 40.1 

8 121 1071 40.5 

10 116 1026 38.1 

12 116 1036 39.3 

14 116 1051 39.4 

16 119 1062 39.6 

18 119 1024 39.4 

20 122 1027 39.3 

22 117 1046 39.6 

24 120 1075 40.0 

Average 120 1 040 39.6 

STD DEV 7 21 0.6 

 

Discussion 

Sample 17 from the 30VED set failed before reaching yield. Accordingly, the tensile property 

values for this sample were not used in the calculation of the averages for the 30VED fatigue 

samples. Sample 17, similarly to sample 10, was located at the extremity of the build plate. This 

adds support to the possibility that a problem with the calibration of the build plate contributed to 

the porosity and relatively poor properties of samples from this location. 

The results for the Young’s Modulus, Yield strength, and Rockwell hardness between the 30VED 

and 50 VED fatigue samples are similar but statistically significant using a 95% confidence 

interval. The porosity level reported in Section 5.1.3.1 for the two VED settings is different, and 

the tensile property results indicate that tensile properties may be slightly affected by differences 

in porosity.  
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Wilson-Heid et al. [53] found that the presence of a single pre-existing pore did not significantly 

affect the material's yield strength, ultimate tensile strength, or ductility until the pore diameter 

reached or exceeded 600μm, or 10% of the samples diameter. The maximum Feret diameter for 

the 30VED samples was 1345.42 µm, and the maximum size using Murakami’s equivalent root 

area method is 574.82µm. The defects from gas porosity in the 50 VED samples had a Feret 

diameter of 186.33µm, and the maximum size using Murakami’s equivalent root area method is 

161.35um. For the sample geometry used, the samples have a diameter of 6.35mm. Using the 

Wilson-Heid et al. [53] 10% of diameter criteria, the defect diameter corresponding to 10% of the 

fatigue sample diameter, would be 635µm. 

For the 50VED samples, both the Feret diameter values and Murakami’s equivalent root area 

values were well below 635µm. For the 30VED values, the Feret diameter was much larger than 

635µm cutoff, and Murakami’s equivalent root area was slightly less than this value. However, 

Wilson-Heid et al. [53] examine a single large pore circular in size, whereas the porosity defects 

examined in this study are very irregular in size and located in a proximity to each other to possibly 

coalesce. Taking into consideration that Murakami’s equivalent root area parameter does not 

consider adjacent defects and proximity to the surface, the actual defect diameter is probably 

greater than 574.82µm which was measured. According to the theory of Wilson-Heid et al. [53], 

the 30VED samples should show a decrease in tensile strength, whereas the 50VED samples 

should not.   
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5.2.2.2 Fatigue properties 

 

Results 

The fatigue properties of the 50VED and 30VED samples were obtained using the methodology 

outlined in Section 4.6.3. Results from the load-control fatigue testing are tabulated in Table 5.18 

in terms of applied stress level and cycles to failure. Figure 5.45 is a plot of the applied stress level 

as a function of stress-cycles to failure for the baseline samples, the 50VED, and the 30VED 

fatigue samples, tested at a stress ratio R = 0.1.  

For the baseline samples, 3 samples were tested at 1025MPa, 3 at 1000MPa, 3 at 975MPa, 3 at 

950MPa and 1 sample was tested at 900MPa. The results were obtained to estimate the predicted 

fatigue behavior and are presented in Table 5.17.  

Table 5.17 : Baseline Fatigue Samples Stress Level and Cycles to Failure 

Item # Stress (MPa) Cycles to Failure (Nf) 

1 700 5154910 

2 900 1516600 

3 1000 22152 

4 1025 12856 

5 975 28649 

6 950 61206 

7 950 93051 

8 950 81231 

9 975 28818 

10 975 35655 

11 1025 18921 

12 1025 11334 

13 1000 19286 

14 1000 19149 
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Table 5.18 : Stress Level and Cycles to Failure for 30VED and 50VED EBM Fatigue Samples 

VED 
Fatigue Sample 

# 

Stress Level 

(MPa) 

Cycles to 

Failure (Nf) 

3
0
 V

E
D

  

1 850 2494 

3 850 3524 

5 850 3916 

7 900 564 

9 800 2716 

11 700 5563 

13 650 8150 

15 625 6430 

19 600 12076 

21 500 32217 

23 400 41056 

5
0
 V

E
D

  

2 800 119504 

4 800 206668 

6 900 9525 

8 750 19351 

10 700 148707 

12 650 607576 

14 625 988102 

16 600 367249 

18 575 1870760 

20 550 64970 

22 525 1571056 

24 500 5200000 
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Figure 5.45 : Stress-cycle to failure (S-N) curve for STA Ti-6Al-4V at a stress ratio R of 0.1 

The baseline results are represented by the blue circles in Figure 5.45, and one runout sample was 

tested at 900MPa. The 50VED samples results are represented by the grey circles in the figure, 

where one runout was observed at 500MPa. The 30VED samples results are represented by the 

orange circles, and no runout was obtained. More samples would have been necessary to obtain a 

conclusive fatigue limit for the 30VED and 50VED samples. 
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Discussion  

One observation which can be made from Figure 5.45 is that the EBM samples fail at lower stress 

levels than the baseline sample. The EBM samples have been pre-strained to reduce data scatter, 

which is known to reduce fatigue life, whereas the baseline samples were not pre-strained. 

However, this alone may not account for the significant differences in fatigue strength observed 

and that the defects are contributing to the fatigue behaviour. 

Additionally, the 30VED samples failed at lower stress levels than the 50VED samples. This 

supports the suggestion that defects are contributing to the fatigue behaviour of the EBM samples, 

and that the higher porosity level in the 30 VED samples is contributing to the shorter fatigue life 

observed.  

Regardless of the pre-strain applied to the EBM specimens, the data points exhibit a large amount 

of scatter. The results suggest that the different magnitudes and locations for the maximum defect 

size in the EBM fatigue samples may be contributing to the scatter observed.  
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5.2.2.3 Fracture surface analysis 

 

Results 

The fracture surface of each failed fatigue sample was placed under the optical microscope to 

evaluate the fracture surfaces following the methodology outlined in Section 4.6.5. All the optical 

micrographs for the fatigue samples are presented in Appendix M. Results for fatigue sample 9 are 

provided here as an example to illustrate the process of quantifying the pore size according to two 

different techniques. In section 5.1.3.1, the two methods used to measure the defects were the Feret 

diameter and Murakami’s equivalent root area. In the case of the fracture surface analysis, 

Murakami’s effective root area method and the Feret diameter method were used. The difference 

between these two methods is that Murakami’s effective root area method considers the proximity 

of the defect to the surface, while Murakami’s equivalent root area method does not.  Several areas 

can be visually identified from the sample and transferred to the microscope image, which is shown 

in Figure 5.46.  

 

Figure 5.46 : Fatigue crack propagation and rapid fracture areas of fatigue sample 9 at 30X 

magnification. 
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The origin of the fracture is a lack of fusion defect. The fatigue crack propagation area can be 

identified as brighter than the rest of the surface which has undergone rapid fracture. It is possible 

that multiple cracks form on the surface, however only the biggest defect and neighboring defects 

within one diameter of the large defect are considered for this analysis. The image in Figure 5.47 

is taken at 50X magnification, enlarging the fatigue crack propagation area; Murakami’s effective 

root area method is used to determine the initial size of the crack-initiating defect. The image 

processing software Image J was used for this initial sizing process.  

 

 

  
Figure 5.47 : Defect size determination from Murakami’s effective root area method 

 

According to Murakami’s effective root area method, if multiple defects are close to each other, 

within one diameter of the largest defect, their areas are combined, as these defects could merge 

during the crack propagation and act as a single larger defect. In addition, with Murakami’s 

effective root area method, the proximity to the sample surface is considered, because the initial 

defect can expand to the surface and cause a rapid fracture. The calculation of the defect area takes 

both these factors into account. The square root of the defect is calculated, which yields the root 

area parameter, in µm.  

The next method investigated is the Feret diameter method. As opposed to Murakami’s method, 

this method does not consider neighbor defects or proximity to the surface. The quantification of 

a defect using this method is shown in Figure 5.48. 
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Figure 5.48 : Defect size determination from Feret diameter method 

 

The same fracture surface analysis was performed on the 50 VED fatigue samples. Results for 

fatigue sample 20 are presented here as an example to illustrate the process. Visually identifiable 

regions on the fracture surface of sample 20 are illustrated in Figure 5.49, where the fatigue crack 

propagation segment is highlighted in red. This region is more easily discerned when observing 

the specimen outside the microscope, where the color contrast between crack propagation and 

rapid fracture is more pronounced. The crack propagation segment is highlighted in pink and 

exhibits a darker, more fibrous surface indicative of an unstable crack growth. The shear lip 

segment is outlined in blue. The lip is situated at a 45-degree angle on the sample's surface and 

corresponds to the maximum shear plane on the fracture surface.  
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Figure 5.49 : Fatigue crack propagation, rapid fracture, and shear lip areas of fatigue sample 20. 

In the case of sample 20, the origin of the fracture includes a lack of fusion defect in proximity to 

the surface. Following the method used for sample 9, this defect was quantified using two different 

methods: Murakami’s root area and the Feret diameter methods. For Murakami’s root area method, 

there is no surrounding defect, and the defect is within one diameter of the surface. The root area 

method therefore only includes the area extending to the surface as shown in Figure 5.50. 
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Figure 5.50 : Defect size determination from Murakami’s effective root area method 

 

The Feret diameter method does not consider neighboring defects or proximity to the surface. The 

quantification of a defect using this method is shown in Figure 5.51. It can be observed that in the 

case of isolated irregular defects, the Feret diameter method yields larger porosity defect sizes than 

in Murakami’s effective root area method.   

 

  
Figure 5.51 : Defect size determination from Feret diameter method 

 

The fracture surface of fatigue sample 18, shown in Figure 5.52, is an example of a fatigue failure 

caused by an internal gas pore. The color contrast between the stable and unstable crack growth 

areas is more visible in the sample, as well as the origin of failure.  
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Figure 5.52 : Fatigue crack propagation, rapid fracture, and shear lip areas of fatigue sample 18. 

The Feret diameter and Murakami’s root area measurements are depicted in Figure 5.53 and Figure 

5.54, respectively, for the case of this circular gas pore. In the case of this fatigue sample, both 

methods yield the same defect size.  

  



126 

 

  
Figure 5.53 : Defect size determination from Murakami’s effective root area method 

 

  
Figure 5.54 : Defect size determination from Feret diameter method 
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Table 5.19 presents the defect dimensions obtained using both Murakami’s effective root area 

method and the Feret diameter method for all the fatigue samples, as well as the fatigue test stress 

level and cycles to failure. Each defect size is given a color coding, where red represents the largest 

defect size, and green the smallest.  

Table 5.19 : Fatigue samples Feret Diameter and Root Area Parameters According to Cycles to 

Failure 

 

VED  
Fatigue 

Sample # 

Stress 

(MPa) 

Cycles to 

Failure (Nf) 

Feret 

Diameter 

(µm) 

√𝑎𝑟𝑒𝑎𝑒𝑓𝑓  

(µm) 

3
0
 V

E
D

 #
 

1 850 2494 1156.22 1255.81 

3 850 3524 1153.05 705.39 

5 850 3916 856.25 1598.33 

7 900 564 3434.72 1320.97 

9 800 2716 1386.18 1467.33 

11 700 5563 2941.56 2032.82 

13 650 8150 1242.68 1286.17 

15 625 6430 2502.16 2076.78 

19 600 12076 1035.90 1545.63 

21 500 32217 1206.85 1621.37 

23 400 41056 814.29 713.01 

5
0
 V

E
D

  

2 800 119504 415.87 290.94 

4 800 206668 120.54 65.34 

6 900 9525 78.91 56.07 

8 750 19351 154.29 106.40 

10 700 148707 107.77 79.57 

12 650 607576 42.94 87.82 

14 625 988102 204.61 149.39 

16 600 367249 82.37 49.74 

18 575 1870760 59.85 45.30 

20 550 64970 381.33 184.61 

22 525 1571056 113.64 58.68 
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Discussion 

According to the porosity analysis from MIPAR in section 5.1.3.1, the maximum Feret diameter 

was 186.33µm for the 50VED and 1345.42µm for the 30VED fatigue samples. The maximum 

equivalent diameter was 161.35 µm for the 50VED and 574.82 µm for the 30VED fatigue samples. 

The Feret diameter can be compared to the root area parameter because the root area parameter 

approximates the diameter of a circle which has the same area as the effective area determined 

using Murakami’s method.  

However, the fracture surface defect analysis yields a maximum Feret diameter of 415.87 µm for 

the 50VED and 3434.72 µm for the 30VED fatigue samples. The maximum equivalent root area 

is 290.94 µm for the 50VED samples, and 2076.78 µm for the 30VED samples.  

Comparing the porosity analysis from MIPAR and fracture surface results, the estimates from 

MIPAR do not serve as an accurate defect size indication for the 30VED samples, where fracture 

surface results show that the actual defect size is more than double the estimated defect size 

obtained using MIPAR. The defect size estimation for the 50VED samples obtained using MIPAR 

also does not serve as an accurate defect size indication. Fracture surface images for samples 2 and 

20 presented in Figure 5.55 and Figure 5.56 respectively, show significant LOF defects in the 

gauge section of the samples that were not detected in the coupons analysed with MIPAR.  

 
Figure 5.55 : Fatigue sample 2 fracture 

surface with LOF defect at 50VED. 

 
Figure 5.56 : Fatigue sample 20 fracture 

surface with LOF defect at 50VED. 

 

Preliminary results from image analysis with MIPAR appear to indicate 50VED only contain gas 

pores, and 30VED only LOF. However, the fracture surface analysis results reveal that some of 

the 50VED samples had gas pores and LOF defects. This could account for the fact that some of 

the MIPAR estimations match the values from the fracture surface analysis, while others do not. 

Fatigue samples 2 and 20 are examples of fatigue samples containing isolated LOF defects. The 

fracture surface defect analysis yields a maximum Feret diameter of 415.87 µm and a maximum 

equivalent root area of 290.94 µm for sample 2. The fracture surface defect analysis yields a 

maximum Feret diameter of 381.33 µm and a maximum equivalent root area of 184.61 µm for 

sample 20. The MIPAR image analysis yields a maximum Feret diameter of 184.05 µm and a 

maximum equivalent root area of 148.07 µm. 
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The defect size estimation using MIPAR for the 50VED samples containing only gas pores offers 

better estimation.  The fracture surface analysis yields a maximum Feret diameter of 204.61µm, 

and a maximum equivalent root area of 149.39µm for gas porosity in fatigue sample 14. The 

MIPAR image analysis yields a maximum Feret diameter of 184.05 µm and a maximum equivalent 

root area of 148.07 µm. Both the Feret diameter and Murakami’s equivalent root area methods 

estimated from MIPAR for gas porosity are within 9% for the Feret Diameter and within 8% for 

the root area of the actual defect size on the fracture surface.  

The color coding from Table 5.19 was combined with the stress-cycle to failure curve of Figure 

5.45 to provide a visual representation of the effect of defect size on fatigue behavior. This 

technique is taken from the study by Tammas-Williams et al. [64] discussed in Section 2.6.2. 

Figure 5.57 presents the stress-cycle to failure curve with color gradients from the defect Feret 

diameter, while Figure 5.58 presents the stress-cycle to failure curve with color gradients from the 

root area method. Both Figure 5.57 and Figure 5.58 illustrate that larger defects yield a shorter 

fatigue life. Two clear trends can be observed for the 30 VED and 50 VED samples, as shown in 

Figure 5.59. 

 

 

Figure 5.57 : Stress-cycle to failure (S-N) curve for EBM Ti64 at a stress ratio of R=0.1 with 

defect Feret diameter. 



130 

 

 

Figure 5.58 : Stress-cycle to failure (S-N) curve for EBM Ti64 at a stress ratio of R=0.1 with 

defect root area. 

 

Figure 5.59 : 30VED, 50VED, and outlying individual samples in stress-cycle to failure curve. 
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Figure 5.57 and Figure 5.58 reveal a consistent trend in both the Feret diameter and Murakami’s 

effective root area for the examined fatigue samples. Notably, larger defects in red and yellow 

demonstrate a shorter fatigue life compared to the smaller defects in green.  

The fatigue curves presented for both 30VED and 50VED samples are estimations and should be 

interpreted as approximations, as the testing procedure for both 50VED and 30VED sample lacked 

the threefold repetitions at each load level required to yield precise values for fatigue behavior. 

Three outliers are circled in red in Figure 5.59, denoting samples that experienced premature 

failure relative to others in the same VED category. These occurrences can be attributed to unique 

defects that could not be fully characterized using the Feret diameter or Murakami’s effective root 

area measurements. Specifically, in the case of the 50VED samples deviating from the curve 

(samples 6, 8, and 20), samples 6 and 8 exhibited defects connecting to the surface, resulting in a 

shorter fatigue life despite possessing similar effective root areas or Feret diameters as other 

samples. Sample 8 featured a sharp near-surface defect, rendering it more susceptible to 

propagation and early failure despite its comparable size to other defects. 

Given the incomplete characterization of surface-connected and sharp-contoured defect types and 

their fatigue failure criteria in the current experiment, further investigations are required to fully 

understand their influence on the behavior of Ti64 EBM prints. In the case of this experiment, each 

sample contained unique defects sizes and geometries, contributing to varying fatigue limits across 

the samples. 
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5.2.2.4 Energy-dispersive x-ray spectroscopy 

 

Results 

Energy dispersive x ray spectroscopy was performed on six fatigue samples to check for possible 

contamination at the fracture site. Three 50VED samples and three 30VED samples were analysed. 

Between 3 and 5 points, referred to as spectrums, were analysed for each specimen.  

Figure 5.60 presents the five spectroscopy spectrums selected for fatigue sample 5, and Table 5.20 

presents the elemental composition in weight percent for each spectrum.  

 

Figure 5.60 : Fatigue sample 5 energy-dispersive x-ray spectroscopy. 
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Table 5.20 : Elemental Composition per Spectrum for Fatigue Sample 5 

Spectrum Oxygen Aluminum Titanium Vanadium Total 

Spectrum 1 3.4 4.9 87.8 3.9 100.0 

Spectrum 2 0.0 3.2 89.9 6.9 100.0 

Spectrum 3 0.0 5.8 88.3 5.9 100.0 

Spectrum 4 0.0 1.4 84.8 13.8 100.0 

Spectrum 5 0.0 5.3 87.4 7.3 100.0 

Average 0.7 4.1 87.6 76 100.0 

 

Figure 5.61 presents the five spectroscopy spectrums selected for fatigue sample 18, which also 

exhibited oxygen contamination. Table 5.21 presents the elemental composition in weight percent 

for each spectrum. 

 

Figure 5.61 : Fatigue sample 20 energy-dispersive x-ray spectroscopy. 
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Table 5.21 : Elemental composition per spectrum for fatigue sample 20 

Spectrum Oxygen Aluminum Sulfur Titanium Vanadium Chromium Nickel Total 

Spectrum 

1 
0.0 0.5 0.0 96.9 2.6 0.0 0.0 100.0 

Spectrum 

2 
0.0 0.3 0.0 96.3 3.5 0.0 0.0 100.0 

Spectrum 

3 
15.4 4.9 0.3 71.2 5.1 0.8 2.2 100.0 

Spectrum 

4 
0.0 0.4 0.0 96.9 2.7 0.0 0.0 100.0 

Spectrum 

5 
0.0 3.6 0.0 92.7 3.7 0.0 0.0 100.0 

Average 3.1 2.0 0.1 90.8 3.5 0.2 0.4 100.0 

 

Discussion 

Spectrum 1 of fatigue sample 5 had some oxygen contamination around the fracture origin. 

Although the EBM build process is performed under vacuum, it is possible that the oxygen 

contamination is a result of the powder production process, forming a titanium or vanadium oxide. 

Alternatively, the oxygen contamination could be due to some residual oxygen in the build 

chamber. Spectrum 3 of fatigue sample 20 has some oxygen contamination, with some nickel and 

chromium contamination in the same spectrum. The previous print in the EBM equipment used to 

print the fatigue samples was a nickel superalloy, which is most likely the cause of the presence of 

nickel-chromium oxide inside the print. The black dots visible on the electron microscope images 

are plastic particles from the transport storage bags the samples were placed in and are not 

contaminants. Two of the six fatigue samples analyzed using energy-dispersive x-ray spectroscopy 

contained some oxygen contamination. This contamination, along with the presence of 

surrounding defects, could be the cause of failure during the fatigue testing. One of the two samples 

also contained contamination from a previous print, which could highlight the importance of 

allocating one material to one machine in an industrial production setting. 
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In addition to the fatigue samples, several tensile samples were verified for contamination. A 

contamination area found on tensile sample 5 is shown in Figure 5.62. A particle of nickel was 

found on the prepared surface of the sample and can be seen in in Figure 5.62. A depletion of 

titanium can be observed in the contamination area.  

 

Figure 5.62 : Nickel contamination in tensile sample 5 
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Chapter 6 Conclusion 
 

Tests and investigations conducted during this study lead to the following observations with 

respect to the research questions stated earlier. 

• Individual process parameters have a distinct influence on the porosity of the prints printed 

with the same VED. VED cubes having the same energy density, but different beam 

currents and scan speeds have different levels of porosity. This suggests that the layer 

height and line offset should be adjusted for the types of defects present in the sample. 

 

• VED alone is not a determining factor for alpha lath thickness, as shown by the examination 

of the VED cubes. Cubes printed with different volumetric energy densities have no 

statistically significant differences in terms of grain size.  A study including the variation 

of individual parameters would be necessary to understand how each parameter affects the 

alpha lath thickness in Ti64. 

 

• VED alone is not a determining factor for variations in tensile properties. Samples printed 

with different volumetric energy densities have no statistically significant differences in 

terms of tensile properties.  A study including the variation of individual parameters would 

be necessary to understand how each parameter affects the tensile properties of Ti64. 

 

• Porosity and the size of defects do significantly influence tensile properties. However, these 

factors significantly impact the fatigue life of EBM samples. Specifically, samples with 

larger defects exhibit a shorter fatigue life compared to a set of samples with smaller 

defects. 

 

• Optical microscopy analysis of print coupons for the 50VED fatigue samples containing 

only gas porosity yield estimations within 9% for the Feret Diameter of defects and within 

8% for the equivalent root area parameter. 50VED fatigue samples containing both gas 

porosity and LOF defects yield estimates which are significantly different from the actual 

values measured from the fracture surface. This suggests that, in the case of specimens 

containing only gas porosity defects, employing smaller coupons for larger prints with the 

aim of estimating print quality could serve as an efficient method to obtain an initial 

assessment of porosity without resorting to more expensive techniques such as CT 

scanning. 
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Chapter 7 Future work 
 

This study offers a comprehensive overview of the microstructure, tensile properties, and fatigue 

properties of selected Ti64 samples produced using Electron Beam Melting (EBM). While 

providing a general understanding of these properties, further experimental work is necessary to 

gain a thorough comprehension of the microstructure, tensile properties, and fatigue properties of 

Ti64 EBM, and how print parameters affect these properties. 

A primary recommendation to advance this investigation involves the printing of an additional set 

of cubes, focusing on individual parameters rather than Volumetric Energy Density (VED), to 

observe microstructural variations. In the current experiment, the simultaneous variation of beam 

current and scan speed to obtain different VEDs was employed. Conducting experiments with the 

variation of one parameter at a time would allow the understanding of how each parameter 

influences the printed microstructure. The sensitivity of each print parameter on microstructure 

could also be examined to allow a better understanding of the rationale in selecting specific print 

parameters to obtain a target alpha lath thickness according to the desired application.  

Furthermore, the author proposes a better examination of porosity to ensure the full density of 

prints before testing. Notably, the porosity of the VED cubes in this experiment exhibited 

significant variations between samples. Observing defect types during the cube printing stage and 

evaluating intertrack or interlayer defects would enable adjustments with parameters such as layer 

height and line offset. After these adjustments, a comparative analysis between microscope 

examination and Mercury Intrusion Porosimetry (MIP) could be conducted to obtain a 

comprehensive understanding of porosity throughout the sample. It is important to note that if MIP 

is utilized, the chosen pressure should allow the detection of large pores. Other techniques to obtain 

defect geometries such as a Computed Tomography (CT) scan could also be used. 

Finally, the author recommends conducting the fatigue experiments with a larger number of 

samples. Ensuring an adequate number of samples is available for each stress level, with at least 

three repetitions, including runout samples, is important to ensure the obtained data points are 

accurate. In the current experiment, the limited number of 12 samples for each VED prevented the 

determination of the fatigue limit, a critical design characteristic. For instance, in the 50VED 

experiment, starting stress levels at 900MPa with a first runout at 500MPa require testing samples 

for each 50MPa increment, resulting in a total of at least 30 samples per set to achieve a robust 

understanding of fatigue behavior. 
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Appendix A Tensile specimen blank drawing 
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Appendix B Strain-controlled fatigue specimen blank drawing 
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Appendix C Tensile specimen drawing 
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Appendix D Low-cycle EBM fatigue specimen drawing 
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Appendix E Baseline fatigue specimen drawing 
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Appendix F Tensile specimens inspection report 
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Appendix G Fatigue specimens inspection report 
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Appendix H VED cubes porosity 

Cube 1, 50X Magnification 
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Cube 3, 50X Magnification 

 

 

Cube 4, 50X Magnification 
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Cube 5, 50X Magnification 

 

 

Cube 6, 50X Magnification 
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Cube 7, 50X Magnification 

 

 

Cube 8, 50X Magnification 
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Cube 9, 50X Magnification 

 

 

Cube 10, 50X Magnification 
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Cube 11, 50X Magnification 

 

 

Cube 12, 50X Magnification 
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Cube 13, 200X Magnification 

 

 

Cube 14, 200X Magnification 
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Cube 15, 50X Magnification 

 

 

Cube 16, 50X Magnification 
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Cube 17, 200X Magnification 

 

 

Cube 18, 150X Magnification 
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Cube 19, 200X Magnification 

 

 

Cube 20, 50X Magnification 
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Cube 21, 200X Magnification 

 

 

Cube 22, 200X Magnification 
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Cube 23, 200X Magnification 

 

 

Cube 24, 200X Magnification 
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Cube 25, 50X Magnification 

 

 

Cube 26, 200X Magnification 
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Cube 27, 200X Magnification 
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Cube 29, 200X Magnification 
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Appendix I VED cubes scanning electron microscopy photographs. 
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Appendix J Fatigue coupons porosity distributions 

Fatigue sample 7 
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Fatigue sample 9 
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Fatigue sample 16 
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Fatigue sample 18 

 

  
 

  



179 

 

Fatigue sample 19 
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Fatigue sample 20 
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Fatigue sample 21 
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Fatigue sample 22 
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Fatigue sample 24 
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Appendix K Tensile samples stress-strain curves. 
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Appendix L Fatigue samples stress-strain curves. 
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Appendix M Fatigue samples fracture surface 

Fatigue Sample 1 : Feret Diameter 

 

 

Fatigue Sample 1 : Murakami’s effective 

root area 

 
Fatigue Sample 2 : Feret Diameter 

 

 

Fatigue Sample 2 : Murakami’s effective 

root area 

 
Fatigue Sample 3 : Feret Diameter 

 

 

Fatigue Sample 3 : Murakami’s effective 

root area 
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Fatigue Sample 4 : Feret Diameter 

 

 

Fatigue Sample 4 : Murakami’s effective 

root area 

 
Fatigue Sample 5 : Feret Diameter 

 

 

Fatigue Sample 5 : Murakami’s effective 

root area 

 
Fatigue Sample 6 : Feret Diameter 

 

 
 

Fatigue Sample 6 : Murakami’s effective 

root area 
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Fatigue Sample 7 : Feret Diameter 

 

 

Fatigue Sample 7 : Murakami’s effective 

root area 

 
Fatigue Sample 8: Feret Diameter 

 

 

Fatigue Sample 8 : Murakami’s effective 

root area 

 
Fatigue Sample 9 : Feret Diameter 

 

 
 

 

Fatigue Sample 9 : Murakami’s effective 

root area 
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Fatigue Sample 10 : Feret Diameter 

 

 

Fatigue Sample 10 : Murakami’s effective 

root area 

 
Fatigue Sample 11 : Feret Diameter 

 

 

Fatigue Sample 11 : Murakami’s effective 

root area 

 
Fatigue Sample 12 : Feret Diameter 

 

 
 

 

Fatigue Sample 12 : Murakami’s effective 

root area 
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Fatigue Sample 13 : Feret Diameter 

 

 

Fatigue Sample 13 : Murakami’s effective 

root area 

 
Fatigue Sample 14 : Feret Diameter 

 

 

Fatigue Sample 14 : Murakami’s effective 

root area 

 
Fatigue Sample 15 : Feret Diameter 

 

 
 

 

Fatigue Sample 15 : Murakami’s effective 

root area 
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Fatigue Sample 16 : Feret Diameter 

 

 

Fatigue Sample 16 : Murakami’s effective 

root area 

 
Fatigue Sample 18 : Feret Diameter 

 

 

Fatigue Sample 18 : Murakami’s effective 

root area 

 
Fatigue Sample 19 : Feret Diameter 

 

 
 

 

Fatigue Sample 19 : Murakami’s effective 

root area 
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Fatigue Sample 20 : Feret Diameter 

 

 

Fatigue Sample 20 : Murakami’s effective 

root area 

 
Fatigue Sample 21 : Feret Diameter 

 

 

Fatigue Sample 21 : Murakami’s effective 

root area 

 
Fatigue Sample 22 : Feret Diameter 

 

 
 

Fatigue Sample 22 : Murakami’s effective 

root area 
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Fatigue Sample 23 : Feret Diameter 

 

 

Fatigue Sample 23 : Murakami’s effective 

root area 

 
 

 


