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Abstract 

Additive manufacturing (AM), also known as 3D printing, is an innovative method for producing 

complex geometries with minimal material waste. Aerospace, medical, and battery fields are a few 

sectors that employ AM as a means to further create innovation in materials design, structural design 

and structural/mechanical property development. The aerospace industry is on of such sectors 

continuously seeking ways to reduce energy/fuel consumption by shifting towards lightweight and 

high-temperature resistant materials. Ti-48Al-2Cr-2Nb (γ-TiAl) is a popular choice due to its desirable 

weight-to-density ratio and superior high-temperature mechanical properties. However, traditional 

manufacturing methods for the Ti-48Al-2Cr-2Nb alloy are expensive. Additive manufacturing (AM), 

specifically electron beam melting (EBM), is a cost-effective alternative that offers the potential for 

optimal ductility and fracture toughness for γ-TiAl. To promote economic sustainability, this study 

explores varying particle size distribution (PSD) in the EBM process.  

The research focuses on Ti-48Al-2Cr-2Nb alloy for PSD 45-150 µm, 38-150 µm, and 38-180 µm, 

specifically with the potential of PSD 38-180 µm as a more cost-effective reliable material to promote 

economic sustainability. By examining density and porosity morphology, as well as surface roughness, 

the study investigates how to maintain good density and surface qualities, irrespective of PSD, as the 

mechanical properties of the printed materials are dependent on the density, pore formation and surface 

quality obtained during the AM process. To mitigate pore defects and increase surface quality, process 

parameters involved in AM must be tuned to ensure the target density, porosity type and surface 

roughness of the final product. In this work, gamma titanium aluminide (Ti-48Al-2Cr-2Nb) was 

deployed in an electron beam melting (EBM) powder bed fusion process. The focus was to analyze and 

classify the printed part quality in terms of surface roughness (SA, STR, and SPC), relative density, 

lack of fusion defects and gas pore defects to establish trends across the parameter space.  

This thesis follows various sets of experiments that detail process parameter combinations that aim to 

provide a wide range or part quality results, therefore gathering enough unique data to conduct a full 

analysis on the behavior of the EBM-printed parts. The experimental study involves data analysis and 

data visualization utilized to identify the relationship between the process inputs (parameters and 

engineered features such as normalized enthalpy and volumetric energy density), the resulting density 

and pore type (gas pores and lack of fusion pores) and the surface roughness parameters (spatial, 

feature, and height parameters).  



 

 vi 

The EBM process can face challenges in achieving low density levels and poor surface quality due to 

the applied energy and powder characteristics. More specifically, this thesis examines the relationship 

between PSD and porosity by identifying and investigating lack of fusion (LOF) and gas porosity types 

within threshold levels of 'Excellent,' 'Good,' 'Poor,' and 'Failed', with pre-defined ranges for the three 

classes. Additionally, the relationship between the PSD and surface roughness (SA, STR, and SPC) is 

also confirmed but utilizing a full factorial design of experiment (DOE) to create three sub-experimental 

hypothesis that explores the various prominent surface quality influencer (layer thickness and higher 

energy electron beam). Based on this experimental study, it was found that bulk density ranges spanned 

88% - 99.99%, with gas porosity spanning 0.01% - 0.3%, and lack of fusion porosity spanning 0.001% 

- 12%. Additionally, for surface roughness, SA reports a range spanning (39.41 µm – 109.74 µm), STR 

reports (0.0984 – 0.8126), and SPC reports (2344.2 1/µm – 4084.31 1/µm) across the reference PSD 

45-150 µm and the widest PSD in this study 38-180 µm. Based on resulting outcomes and literature, 

data distributions and statistical analysis were employed to classify and quantitatively defined the 

results obtained from the experimental study. The results demonstrate the relationship between the 

process parameters, density, and porosity type as well as the surface roughness. The study contributes 

to a comprehensive understanding of the interplay between PSD and porosity as crucial factors in the 

EBM AM process. 
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Chapter 1 

Introduction 

1.1 Background 

Gamma titanium aluminide (γ-TiAl) alloys are intermetallic compounds that have shown material 

properties comparable to nickel-based superalloys, including high-temperature oxidation and creep 

resistance, high-temperature strength, and modulus retention up to the brittle-ductile transformation 

temperature (700-800 °C)[1–3]; however, γ-TiAl alloys have a significant advantage over nickel-based 

alloys when considering their weight-to-strength ratio. The use of γ-TiAl alloys becomes advantageous 

when considering critical aircraft engine components, where high-performance turbines built with γ-

TiAl alloys would be lighter, resulting in fuel savings [1,4]. One of the bottlenecks in adopting γ-TiAl 

for critical aerospace applications is that these materials are not easy to machine or forge, where the 

brittle nature of TiAl alloys at low temperatures makes them hard to manufacture into complex shapes 

[4,5]. Investment casting is used to conventionally produce γ-TiAl components, with notable challenges 

associated to the high reactivity of the alloy and limitations related to the resulting size and geometries 

that can be fabricated.  

Ti-48Al-2Cr-2Nb, an alloy in the γ-TiAl class, tends to be difficult to manufacture into specific 

geometries owing to the formation of stress and dislocations during traditional manufacturing 

processes; induced failure within formed γ-TiAl is prevalent because of stress formation [6]. Additive 

manufacturing (AM) enables the fabrication of complex parts made of Ti-48Al-2Cr-2Nb with 

substantially decreased stress and improved resistance to failure [7] specifically when using the electron 

beam melting (EBM) – a technology under the AM processes often used to process Ti-48Al-2Cr-2Nb 

[8]. EBM operates by sequentially spreading thin layers of powder and selectively melting the powder 

at specific locations in each layer using an electron beam energy source to create a 3D part layer-by-

layer based on a CAD (computer aided design) model [1]. EBM allows for the production of complex 

parts that cannot be achieved using conventional manufacturing processes such as machining, forming, 

and joining [1,2]. Moreover, EBM is an effective way to process Ti-48Al-2Cr-2Nb, as EBM can operate 

under elevated chamber temperature and vacuum [9]; such processing conditions are required for the 

Ti-48Al-2Cr-2Nb material due to its high melting point, high thermal conductivity, great structural 

stability (especially at high temperatures), low ductility and fracture toughness [10].  Furthermore, for 

Ti-48Al-2Cr-2Nb, employing a high-temperature powder bed-based AM technology like EBM 

diminishes the occurrence of internal stress or thermal stress-induced cracking compared to 
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conventional methods such as casting and milling. This reduction is attributed to enhanced diffusion 

processes within the materials. [6]. Furthermore, the vacuum environment in EBM facilitates a low 

oxidation process by eliminating gaseous molecules from the chamber atmosphere [9]. Therefore, EBM 

a is highly preferred method for processing of Ti-48Al-2Cr-2Nb [6,8]. 

1.2 Electron beam melting  

Electron Beam Powder-Bed Fusion is a highly advanced manufacturing technique that utilizes an 

electron beam to melt a layer of metal powder, thereby creating a fused material [11]. The process 

involves a CAD/STL file of the desired object being developed and inputted into the EBM computer. 

Once the process starts, a layer of metal powder is spread on the build plate and is often determined by 

the layer thickness often ranging from 50 µm to 150 µm [12]. The powder utilized in this process often 

can determine the material properties of the EBM-printed parts. The overall recommended powder size 

ranges from 40-105 µm to maintain high flowability, density and electric conductivity[12–14]. One 

unique quality about the EBM process is the preheat strategy that is often employed to stabilize the 

powder-bed before melting[12]. Generally, the entire chamber temperature is increased to partially 

sinter the power layers before melting, which can often reduce mechanical property issues such as crack 

formation due to the loose powder or precipitate on the powder-bed [12]. Within the EBM process, an 

electron beam from a tungsten filament is directed towards the print line, which is controlled by 

magnetic coils that focus and deflect the beam. The beam has a specific spot size that melts the powder 

layer in alternating lines until the corresponding area of the CAD file is joined together [12]. The build 

plate is lowered, and the process is repeated with the next layer of powder spread over the previous one 

until the final object is produced[12,15]. The post-processing includes de-powdering, where the powder 

around and inside the object is removed, either through power air blast, depending on the fragility of 

the printed part [16]. This manufacturing technique has various benefits and downsides [7]. 
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Figure 1. Electron beam powder-bed fusion process. [17] 

Electron Beam Powder-Bed Fusion technology offers several advantages over traditional 

manufacturing processes [7]. One of the key benefits is the fast and efficient rate of the machine. 

Compared to traditional manufacturing, where it can take a lot of resources like time, cost and people 

to efficiently outsourcing and develop all the separate parts needed to create a final print, AM enables 

the production of more consolidated parts or sections of an entire build, and greatly reduces the amount 

of parts and resources needed to create a completed project build [5,18]. Moreover, the high-

temperature working capability of EBM can achieve specific mechanical properties and microstructure 

granulation only achievable at a high-temperature application [16]. The entire print area is heated, and 

materials that support high-temperature usages such as TiAl or Nickel-based alloys are easily printed 

using this technology [19,20]. In other manufacturing processes, it can be challenging to work with 

these materials or fully melt the powder to provide a satisfactory joining. 

Furthermore, electron beam melting utilizes a vacuum chamber to allow the electron beam to move in 

a straight line without causing deflections due to interaction with other particles in the air [4,7]. The 

EBM vacuum is often ranging from 10-3 to 10-6 mbar which is detonated as a medium vacuum level 

and allows for a low impurity level within metal EBM-printed materials such as Ti-48Al-2Cr-2Nb 
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because of the lack of H, N, or O in the atmosphere to interfere and bond with the alloys[1,4,13]. EBM 

is able to produce a high energy melting environment as the electron beam collides with the powder-

bed surface [19]. This interaction often allows for roughly 80% energy transfer from the kinetic energy 

in the electron beam to heat energy absorbed on the powder surface [13]. Therefore, due to the high 

energy concentration of the electron beam, as seen in Figure 2, a deep and narrow melt pool can be 

formed. This melt pool formation provides an avenue for fine microstructures development within the 

materials utilized in EBM [12,16]. These structures produce generally very beneficial properties such 

as an enhance ductility and fracture toughness, due to the reduced area of the grainsize, which leads to 

an increase in dislocation density and the mentioned properties [7]. 

 

 

Figure 2. Different spot size/melt pool for multiple types of beams in welding. [13] 

The EBM process, despite its numerous advantages, has some limitations [7]. One such disadvantage 

is the surface finish produced, which is not always considered a disadvantage in some cases, such as in 

biomechanical applications where a rougher surface allows for better tissue grip in osseointegration 

[21]. However, for parts that require tight tolerances, this can be seen as a disadvantage [22]. To combat 

this issue, post-processing of the material, such as grinding or sandblasting, is necessary, which adds 

to the overall cost and time required to produce a completed part [12]. 

Support structures are often needed during the EBM process depending on the geometry of the printed 

part to prevent the parts from bending, shifting, or warping [7]. While this is necessary to ensure the 

quality of the final product, support structure consume more powder, which can become a costly 
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endeavor due to the cost of AM metal powders [7]. AM is still a relatively new manufacturing process, 

and producing powder alloys is costly. However, researchers are working to produce less expensive 

parts by using gas or water atomized powder and also developing process parameter schemes where 

reusing powder has less impact on the quality of the resulting EBM-prints [4]. Despite these 

disadvantages, the EBM process is still seen as a highly efficient and cost-effective technology overall, 

especially for specific materials that have good high-thermal properties and are often difficult to 

manufacture traditionally [4,7,16]. 

1.3 Effect of powder characteristics on EBM process 

Additive manufacturing (AM) technologies allow production of designed parts without the use of 

tooling. The AM technologies work on the principles of joining of materials to form a predesigned 

structure replicating a virtual 3D CAD model [1]. The AM sector has been on the rise the past few 

years, showcasing that AM can drastically reduce the processing steps needed to complete a product as 

well as demonstrating potential time/cost benefits [1]. As the interest in AM technologies increases, 

various studies are conducted to achieve an optimized print quality. Therefore, various explorations 

that look at the machine parameters, beam properties and powder/feedstock properties are conducted 

[6,23]. Regarding the powder properties, various powder features within AM are identified as 

influential on the results obtained after the AM process. The spreading performance, packing ability 

and powder consolidation are the main aspects within EBM that are influenced by the powder. The 

powder features can be classified into both the physical and chemical properties [24]. Flow resistance 

and packing density of powder affects how the powder material is spread with in the EBM technology 

as a result of the material type, surface conditions, and powder morphology. There are various methods 

used to quantify the powder properties within AM. Some of these measurements are powder size 

distribution (PSD), flowability, compressibility, and packing density [25]. 

Powder size distribution informs on the size and shape statistics of the powder [24,26]. Flowability 

refers to the ability of powder particles to move in bulk according to an applied force (gravitational, or 

external); there are various ways to measure flowability of metal powders within AM [27]. 

Compressibility is a measure of a powder’s ability to evenly spread and settle using powder spreading 

techniques (rollers or re-coaters); this data gives more insight to the behavior of the AM material and 

can be fed to models that predict how much energy should be provided in each layer of powder during 

consolidation [25]. Similar to the compressibility, the packing density quantifies a powders’ ability to 
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be packed together in bulk. The packing density looks at the bulk powder particles and mow much 

volume space the powder can occupy when pressure has been applied to the powder. The packing 

density provides insight to the estimated powder count in each layer during the melting process as well 

as the powder’s ability to move when spread in the AM machine [28]. 

The different powder properties are interconnected. For example, a study by Popov V et al.[28] focused 

on Ti-6Al-4V powder that was inspected to identify and correlate changes in recycled powder 

properties on mechanical properties [28]. Based on the study, the PSD was shown to have an influence 

on the packing density and the flowability, where a larger PSD powder leads to a decreased packing 

density due to the volume that generally cannot be filled without having smaller powder particles. The 

flowability also performs worse for the wider PSD powders, which affected the mechanical properties 

[28].  Yim et al [14]. also studies the effect of powder morphology on the spreading behavior in the Ti-

48Al-2Cr-2Nb powder using discrete element method (DEM) simulation in AM technologies [14]. Yim 

et al [14]. investigates the flowability of Ti-48Al-2Cr-2Nb powder based different morphologies 

generally found in the metal powders often utilized in AM such as: spherical particles, spherical + 

satellite particles, spherical + elongated particles, and spherical + satellite + elongated particles [14]. 

These different morphologies produce varied flowability and pore formation in the powder-bed, where 

powder particles with more elongated powder or satellite particles tend to produce issues in the particle 

alignment in the powder-bed creating larger or wider pore formation in the powder-bed [14]. Based on 

these studies, the powder behavior of the Ti-48Al-2Cr-2Nb material will differ depending on the 

morphology and PSD. Therefore, investigating the effect of the defined powder features of all the 

different Ti-48Al-2Cr-2Nb PSD’s in this study will detail the expected effect of the powder behavior 

on the resulting quality (density and pore morphology, as well as surface roughness) of the EBM-

printed parts. 

1.4 Effect of process parameter on density analysis 

The occurrence of pores is a common challenge in metallic parts fabricated by AM, affecting the 

mechanical properties of printed components [29]. In AM, an increase in porosity negatively impacts 

ultimate tensile strength (UTS), yield strength (YS), fatigue (F), and elongation (EL) [29,30]. For 

instance, Galarraga et al. [29] examined the effect of different porosity levels on the mechanical 

properties of EBM printed Ti-48Al-2Cr-2Nb samples. It was concluded that an increase in porosity 

level causes a detrimental change in the mechanical properties due to porosity locations acting as a 
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nucleation site for crack propagation [29]. Relative density and pore defect morphology are considered 

factors that affect mechanical properties, with process parameter selection playing a significant role in 

performance outcomes [29]. Various other studies report on the effect of process parameters on porosity 

outcomes. For instance, Baudana et al.[31] and Gaytan S. M.[32] et al. studied the impact of process 

parameters, specifically current, speed, and layer thickness, on the characteristics of the resulting Ti-

48Al-2Cr-2Nb and Ti-6Al-4V EBM-printed samples for respectively [31–33]. Based on these studies, 

the relative density ranges from 92%-99% with dependence on the process parameter combination, 

where a lower applied energy results in a lower relative density.  

Although porosity defects are known to affect mechanical properties, there are available methods to 

reduce or diminish porosities in metal objects. One method is the hot isostatic pressure (HIP) process. 

HIP is considered one of the most efficient ways of reducing porous defects in metal samples and 

influencing microstructure to tailor mechanical properties by using a high temperature and pressure 

environment [34]. To investigate the extent of pore closure, Tammas-Williams S et al. [35] investigated 

the porosity changes in Ti-6Al-4V EBM-printed samples with porosities ranging from 0% - 2.02% and 

observed a 100% pore removal after HIP; however, samples with porosity levels higher than 2% 

resulted in pore reduction of 60-80% after HIP [35]. Identifying acceptable target density (or porosity) 

levels is important when optimizing process parameters in EBM. Overall, the research suggests that 

density is identified as a critical factor influencing the parameter design of the EBM process [31–35], 

as it known that mechanical properties are influenced by the types of defects formed in the material 

[36].  

Pore analysis is important to quantitatively represent the porosity and density information of printed 

samples. Some of the features that are collected to inform pore analysis are pore morphology such as 

the surface area, volume, aspect ratio, X-Y-Z coordinates, and spatial distribution [29,37]. Data from 

X-ray Computed Tomography (CT) can be processed to reveal spatially-resolved voids such as pore 

defects and internal cavities within the volume of the parts, based on resolution constraints of the 

detector, reconstruction and segmentation algorithms [37]. Pore analytics from CT can resolve aspects 

such as the pore morphology, aspect ratio, orientation, size, and spatial distribution of the pores [37]. 

Therefore, looking at studies that integrate CT measurements to report porosity levels in AM can 

provide more insight to the current pore analysis methodologies. Most studies that focus on density or 

porosity in EBM-printed parts, prioritize the overall porosity value, with a less in-depth analysis of the 

classes of pores present. The few studies that analyze the varied porosity type, such as Cunningham et 
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al. [36] and Tammas-Williams et al. [38], connects the relationship between the input energy and 

powder feedstock contamination with the characteristics of the developed pores in the EBM prints 

[36,38]. It is crucial to validate these findings and determine the effect of each specified process 

parameter and the overall influence of the applied energy on the density and porosity. The expansive 

printing process combinations will provide a medium to fully investigate the density and pore defect 

results. 

1.5 Effect of PSD and process parameter on density analysis 

Mechanical properties are intricately tied to various quality outcomes that result in the electron beam 

melting (EBM) process such as microstructure, surface roughness, relative density, porosity, and pore 

defect morphology [29]. The formation of defects is often attributed to the applied energy from the 

electron beam when melting the metal powders and the powder morphology at the time of printing [29]. 

These main reasons are reported to largely influence the formation of porosity within the EBM-printed 

samples. Quantitative analysis of the influence of process parameters in conjunction with powder 

properties on the porosity development needs to be confirmed. Notably, the two main types of defects, 

lack of fusion (LOF) defects and gas pore type defects, as defined by the pore morphology, are directly 

attributed to insufficient energy applied during the layer melting and material vaporization process, as 

well as the inclusion of porosities arising from internal pores within the powder respectively [31–

33,35]. 

The influence of powder size distribution (PSD) on the EBM-printed results has been scarcely fully 

investigated through experimental methods, especially when establishing the relationship between pore 

defect type and the PSD. There have been various studies researching into the influence of powder 

characteristics such as flowability and packing density of the feedstock during EBM-printing process, 

especially through simulation modelling [39,40].  Recent studies investigate different PSD distribution 

and how the PSD influence the various powder characteristics. Zhao et al [40]. investigated the 

influence of powder characteristics (size morphology, flowability, and packing density) and the EBM 

process features (preheat temperature scheme, melting parameters). The findings showed that as the 

thickness of the powder layer increased, the packing density of the powder also increased [40]; 

however, mixing powder blends with large and small mean sizes may increase the packing density to 

some extent, but it could have a negative impact on the flowability. The study by Habibnejad-Korayem 

et al. [39] aimed to establish the relationship between the PSD and flowability. The findings indicate 
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that having a larger mean size and a narrower size distribution can reduce inter-particle friction, which 

has a positive impact on the properties of powder bulk and rheology [39]. Additionally, Habibnejad-

Korayem et al. [39] discovered the dynamic flowing behavior of the powder, such as the dynamic 

cohesion index and dynamic angle of repose, is only linked to the powder’s mean size and not to PSD. 

There have not been many investigations into connecting the influence of varying PSD directly on the 

resulting defects in EBM. As additive manufacturing (AM) advances, these detailed insights on the 

technology and material features that affect the resulting density become integral to tailoring and 

optimizing EBM processes for advanced materials like Ti-48Al-2Cr-2Nb. The ongoing pursuit of a 

comprehensive understanding of these intricate relationships will undoubtedly drive advancements in 

both the theory and practical application of additive manufacturing techniques, particularly in the 

production of high-performance components. More notably, these studies are important, as different 

powder size distributions may be more economical to produce, thus driving the economic sustainability 

of the EBM process.  

1.6 Effect of PSD and process parameter on surface roughness 

Surface roughness is a measure used to describe the surface features of a material. In AM, the surface 

quality is an important feature that influences performance and reliability of printed parts [22]. The 

different AM technologies produce various ranges of roughness values depending on the type of AM 

process [15]. For the EBM process, the surface quality tends to be rougher as a result of the physics 

behind the interaction between the material and the energy source used to melt the material system. 

Specifically, EBM is a unique AM class of technologies that utilizes an electron beam as means to fuse 

powder particles together, layer-by-layer, whereby the high precision electron beam creates a adjacent 

melt tracks within the core of the part and a solid perimeter around the part that is surrounded by 

adjacent powders. As a result, due to cycling heating phenomena and material sequential layering, the 

resulting surface exhibits asperities related to fused powders, layering and over-melting [22].  

There are instances where a relatively high surface roughness can be considered as being beneficial, or 

conversely, it can be considered as a drawback. Firstly, in orthopaedic applications, a higher surface 

roughness is generally preferred. Deligianni et al.[41] and Ponader et al.[42] propose that a high surface 

roughness can be advantageous to enhance osseointegration. As such, implants require a very specific 

surface quality whereby a divot on the surface of the material inserted provides an avenue for better 

attachment and proliferation of cells [21,41]. Additionally, in various other fields in engineering, there 
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are instances where a rough surface texture can create a specific response when studying fluid flow. 

For example, in fluid systems such as heat exchangers, a rough surface can drastically reduce fluid flow 

rate and increase heat transfer; and many studies such as Kaur et al. [43] are investigating the 

implementation of a porous and textured surface to increase performance of such systems [43,44].  

However, there are instances where a smaller surface roughness is preferred [31]. For examples, in the 

aerospace sector a poor surface quality is not ideal when aiming to achieve the best mechanical 

properties available for a specified material[15,45]. A poor surface quality can potentially introduce 

cracks at the surface and lower fatigue life due to the formation of stresses along the surface at critical 

points created by the surface peaks[15,45]. Nicoletto et al. [46]  and Chern et al. [45] found that the 

fatigue limit is directly correlated to the surface roughness. Studies deployed on various Ti-6Al-4V 

EBM printed samples with different surface roughness values were compared and the fatigue limit was 

found to change depending on the surface [45,46], where a smaller surface roughness tends to produce 

a higher fatigue limit. Therefore, surface roughness is said to influence the fatigue limit to a large extent 

and a better-quality surface is preferred in instanced where fatigue limit is observed [47]. Another 

instance where a lower surface roughness is preferred are parts that require good surface finishing for 

aesthetic, functional, or assembly fit purposes; this consideration is even more pressing for complex-

shape components. At a lower surface roughness, the post-processing time and cost is reduced 

significantly. Overall, achieving a good surface roughness can be a driving requirement in EBM, 

depending on the design complexity and post-processing cost constraints.  

The surface roughness outcomes are dependent on the powder and printing conditions of the build in 

EBM [48], specifically the powder features (morphology, PSD [D10, D50, D90], material properties 

(heat capacity, specific heat, absorptivity)), process parameters (layer thickness, focus offset, current, 

speed, number of contours, and line offset) and applied energy to the melting process [48,49]. The 

preheat process parameters (accelerating voltage, preheat temperature) and digital CAD design (step-

stairwell effect, tessellation) are also features of the EBM machine that affects the melting and 

solidification process of the targeted metal. Various studies have defined different EBM parameters as 

the most influential on the surface roughness. For example, Carolo et al. [44] summarized that layer 

thickness and powder size distribution are some of the predominant parameters influencing surface 

roughness in the EBM process; however, additional experiments are needed to statistically confirm this 

theory [44]. The side surface or lateral surface quality of EBM printed materials is also dependent on 

applied energy. According to Carolo et al. [44], increasing the energy density increases the thermal 
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accumulation in the part, which creates a scenario where the high-temperature gradient captures powder 

particles just outside of the melt pool, thus generating partially melted particles at the part borders 

[44,48]. These particles affect the surface quality. It was found that having a sharper and slower electron 

beam is expected to result in a higher surface roughness[44].  

Generally, studies utilize RA as a measure for the surface roughness value for experimental 

measurements. However, Rosemtritt et al. states that this method presents issues with misleading 

results, where the high and low peaks in the samples are not always accurately represented due to a 

very small sample size measurement and the 2D quality of the measurements [50]. RA measures a 

singular line on the desired surface, therefore, the surface roughness can be massively understated for 

surfaces with complex spatially-distributed features [50,51]. Hence, arithmetic mean height (SA) 

measurements are utilized instead to describe a surface area captured in the measurement zone of 

interest [50]. SA, similar to RA, measures the average absolute value of the surface peaks (the 

difference in height of each point compared to the arithmetical mean of the surface); however, the SA 

confirms the values over a 3D surface of the sample instead of the RA, where 2D topology projection 

of a line on the sample surface is measured [50]. For this study, the SA value will be used to better 

represent the experimental surface. Additionally, Texture Aspect Ratio (STR) and Arithmetic mean 

peak curvature (SPC) are other surface roughness features of interest that provide further insights into 

the size distribution and spatial arrangement of the peaks in the EBM-printed parts. The SA, STR, and 

SPC features can provide a better means to analyze the surface roughness formation in the EBM process 

and draw meaningful conclusions on the effect of process parameters on surface quality outcomes. 

1.7 Research objective 

Overall, there are various aspects of the EBM process hypothesized as influential in the mechanical 

properties of the final Ti-48Al-2Cr-2Nb printed material. The aspects such as process parameters and 

powder feedstock characteristics have been researched to identify some of the dominant impact of each 

EBM parameters and their effect on the EBM-printed parts. This study elucidates the qualitative and 

quantitative relationship between the various levels of the PSD in conjunction with EBM process 

parameters on the resulting density, porosity type, and surface roughness. Additionally, the EBM 

process parameter combination themes (high energy combination, low energy combination) are 

investigated to understand the trend and threshold of the density, porosity type, and surface roughness 

formations for each PSD type. Overall, the resulting behavior of Ti-48Al-2Cr-2Nb material in EBM is 
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confirmed in this study, providing an avenue to develop future machine learning (ML) models or 

analysis that can accurately and repeatably predict the EBM-printed outcomes. The research goals or 

objective for this thesis can be defined into four main objectives, with pertinent studies captured in 

respective chapters. 

Objective 1: Investigating the powder features of three different PSD ranges for Ti-48Al-2Cr-2Nb 

powder particles. The methodologies, results, discussion, and conclusions are captured in Chapter 2 

Objective 2: Investigating the comprehensive pore defect analysis for EBM-printed Ti-48Al-2Cr-2Nb. 

The methodologies, results, discussion, and conclusions are captured in Chapter 3. 

Objective 3: Investigating and comparison analysis of pore defect for different PSD EBM-printed Ti-

48Al-2Cr-2Nb. The methodologies, results, discussion, and conclusions are captured in Chapter 4. 

Objective 4: Investigating and comparison analysis of surface roughness for different PSD EBM-

printed Ti-48Al-2Cr-2Nb. The methodologies, results, discussion, and conclusions are captured in 

Chapter 5. 
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Chapter 2 

Powder Characterization 

2.1 Introduction 

Prior powder feature research in available literature predominantly centers on the trends in the behavior 

of powder before melting in the EBM and LPBF technologies. There are a few papers that examine the 

effect of powder feature on the resulting powder-bed spread before melting using simulation and 

various ML models. This study however investigates the different PSD Ti-48Al-2Cr-2Nb powder 

features such as the morphology, flowability, density, and cohesivity. In addition to the behavior of the 

powder, the entire 3D internal structure of the various Ti-48Al-2Cr-2Nb powder is confirmed, 

specifically the powder porosity. These different features of the powder are confirmed to identify the 

effects on the experimental EBM-printed samples in this study. 

2.2 Materials and methods 

In order to thoroughly examine how the size distribution of powder affects the density properties of Ti-

48Al-2Cr-2Nb (AP&C – A GE additive company, Montreal, Quebec) printed by electron beam melting 

(EBM) powder bed fusion process, various methods of characterization were utilized to gather relevant 

data for this research. This chapter concentrates on the impact of different Particle Size Distribution 

(PSD) on the properties of powder. The primary objective is to investigate the relationship between 

powder properties and PSD with the help of characterization techniques. A full powder characterization 

was conducted on the virgin powder received from AP&C using a Camsizer X2 (Retsch, Haan, 

Germany), FT4 Powder Rheometer (Freeman Technology, Gloucestershire, UK), Hall/Carney 

Flowmeter Funnel (HMK-Test, Dandong Liaoning, China), GranuDrum (GranuTools, Wallonia, 

Belgium), and GranuPack (GranuTools, Wallonia, Belgium). The various characterization equipment 

provides in-depth quantitative data on the particle size distribution, standard flowability, 

compressibility, Hall flow, flowability, and packing density for the three PSD observed, 45-150 µm, 

38-150 µm, and 38-180 µm.   

The Camsizer X2 machine is an image-based particle size analyzer with a X-Dry with X-Jet dispersion 

model. This machine was utilized to determine actual powder size distribution of the Ti-48Al-2Cr-2Nb 

powder received from AP&C. The FT4 Powder Rheometer was used to determine the standard 

flowability and compressibility of the 45-150 µm powder. The Hall/Carney Flowmeter Funnel tested 
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the hall flowability of the powder (under the Hall metrics). The GranuDrum also measures the 

flowability of the powder, but under no additional pressure, only gravitational force (flowability of 

powder at a free surface). The GranuPack analysed the packing density at varied levels of tapping. All 

experiments were performed in triplicate, for each powder type respectively. In this study, the powder 

was visualized under a scanning electron microscopy (SEM) imaging machine (TESCAN VEGA 3, 

TESCAN, Brno, Czech Republic). 

Table 1. The test summary of the full powder characterization for the Ti-48Al-2Cr-2Nb with PSD 45-

150 µm received from AP&C. 

Instrument Purpose Repetitions 

Camsizer X2 Particle size distribution 3 (3 for each powder) 

FT4 Powder Rheometer Standard flowability 3 (3 for each powder) 

FT4 Powder Rheometer Compressibility 3 (3 for each powder) 

Hall/Carney Flowmeter Funnel Hall flow 3 (3 for each powder) 

GranuDrum Flowability 3 (3 for each powder) 

GranuPack Packing density 3 (3 for each powder) 

The various instruments have specific methodologies designed to obtain the powder characterization 

data. Based on Table 1, the various methodologies for the data collection is as described below:  

2.2.1 Camsizer methodology 

The size and shape statistics are measured under the Camsizer X2 powder analyzer. This machine is 

versatile and can measure various powder, granules and particle morphology using dynamic image 

analysis. The Camsizer X2 can measure particles between 0.8 µm and 8 mm diameters. Therefore, this 

machine is an appropriate tool to employ to accurately decipher the various powder features. For 

example, xc_min [µm], xFe_max [µm], and x_area [µm] are specific diameter distributions that form 

the shape characteristics of the powder particles. To obtain the diameter distribution in the Camsizer 

X2, images of the powder particles poured into the system using a dual camera are captured. Three 

different distribution percentiles are highlighted in the post processing of the images, which are the 

10%, 50%, and 90% of the various diameter size distribution. To further identify the distribution of the 

diameter, the cumulative percentages of the volume proportion of particles smaller than a particular 

size and the non-cumulative proportion of the powder particles or histogram distribution are derived 

from the images captured in the dual camera. 
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2.2.2  GranuDrum methodology 

GranuDrum is a machine designed to measure powder flowability in powder particles. The Rheological 

properties are identified using the rotating drum principle implemented in the GranuDrum system. In 

order to guarantee uniformity in powder behavior and operational handling, at least three replicates of 

each powder were tested. The powder was homogenized by transferring it to a metal can and rolling it, 

then 50mL of powder was measured and placed in a special drum with transparent end windows. The 

GranuDrum device rotated the drum at 17 predetermined angular velocities, ranging from 2 to 20 rpm 

in increments of 2 rpm, followed by 25 to 60 rpm in increments of 5 rpm. We used a different velocity 

sequence for each replicate to minimize internal sequence effects and took replicate measurements on 

unused powder until the supply was exhausted. The powder was re-homogenized before continuing 

testing to ensure representative sampling and minimize time series effects across replicates. 

The dynamic angle of repose is the angle at which the surface of a powder settles. Good flowability 

corresponds to a low dynamic angle of repose. The cohesive index is a measure of the fluctuation of 

the interface of a powder compared to its average surface position. The cohesive index of a powder is 

related to the cohesive forces between the particles. A lower cohesive index indicates a powder that is 

less cohesive. When a powder is cohesive, its flow is intermittent, while a non-cohesive powder flows 

smoothly. According to the flow guidelines specified in the instrument software, cohesive index values 

less than 5 are considered very good, values ranging between 5-10 are considered good, values between 

10-20 are considered fair, values between 20-30 are considered passable, values between 30-40 are 

considered poor, and values greater than 40 are considered very poor. 

2.2.3 GranuPack methodology 

For each trial in the GranuPack, three powder samples were measured from each powder type with a 

volume of 35mL and recorded their respective masses and ambient temperature. Firstly, the machine 

lowered the initialization tube into the vessel and poured in the powder. Once the powder was poured 

into the GranuPack, the initialization tube is lifted out of the vessel and a small weight, known as a 

diabolo, is placed on top of the powder bed to keep it level and weighed down. By lifting the 

initialization tube out of the vessel, the powder that has piled up towards the edge of the vessel can be 

redistributed back towards the middle to maintain a relatively consistent powder bed before the diabolo 

is inserted. 
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2.2.4 Hall and carney methodology 

The Hall and Carney experiment involved taking three measurements using a fresh quantity of powder. 

Care was taken to pour the powder carefully into the center of the flowmeter funnel while blocking the 

discharge orifice with a gloved finger. No tapping, vibration, or movement of the funnel was allowed. 

A weighing dish was placed under the funnel orifice to collect the powder. The operator then removed 

their finger from the orifice and started the timing device simultaneously to allow the powder to flow 

through the funnel. If the powder did not start flowing, a light tap on the rim of the funnel was permitted 

to initiate the flow. The timing device was stopped and the time was recorded to the nearest 0.1 s as 

soon as the last of the powder left the orifice. The Static Flow Method, was employed for all three PSD 

powders. The process was identical for both the Hall and Carney experiment methods except for the 

quantity of powder used, which was 50.0g and 150.0g respectively. Figure 3 showcase a sample 

schematic of the hall and carney flow analysis with the corresponding angle and funnel dimensions. 

 

Figure 3. Schematic of Hall and Carney flow analysis. 

2.2.5 Powder computed tomography methodology 

This analysis is done to confirm the properties of the feed stock by utilizing CT (Zeiss Xradia 520 

Versa, ZEISS, Oberkochen, Germany) data. This analysis complies the 3D structure of a select few 

bulk particles for each of the PSD’s 45-150 µm. 38-150 µm, and 38-180 µm in order to confirm the 

shape and porosity within the powder distribution. In order to achieve accurate results, the powder 

particles scanned are re-used powder samples to maintain a similar powder structure that is used during 
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the experimental EBM-printing for the CT analysis. This analysis was conducted using the CT to 

reconstruct both the external and internal structure of a samples set of the powder feedstock. Each 

powder sample size was mixed together with hot glue to maintain the integrity and location of the 

powder during scanning with a 5 µm resolution. Using 3D imaging of each EBM-printed part, an image 

processing program (Dragonfly Software, Object Research Systems (ORS), Montreal, Canada) was 

used as a post-processing analysis tool to measure the pore properties. Based on the form, size, and 

aspect ratio of each powder and pore, various information on the powder morphology was obtained and 

identified. To ensure a reduced data noise in the collected scan, a filter was defined to remove any 

artefacts less than 10 µm in volume size. The resulting qualitative data derived from the scan shows the 

powder distribution as well as the porosity distribution in a set location of the scan. Figure 4 presents 

the projection of the porosity and powder distribution in the samples scan. 

 

Figure 4. Showcases a projection of the internal structure of the bulk particles collected from a CT 

scanner. a) Porosity in the powder bulk; b) Powder bulk. 

Using Dragonfly software (Dragonfly Software, Object Research Systems (ORS), Montreal, Canada), 

information of the powder morphology is derived as quantitative data. This information is processed to 

extract correlations between the PSD and the powder properties.  
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2.3 Results and discussion  

The results of the powder characterization are compiled to identify specific features of the different 

specified PSD Ti-48Al-2Cr-2Nb feedstocks. This investigation provides insight on the powder 

features that have been hypothesized to influence the resulting EBM-printed part. 

2.3.1 Powder morphology via SEM 

The feedstock utilized during the analysis of this study is the Ti-48Al-2Cr-2Nb powder particles 

(AP&C – A GE additive company). There were three size distributions obtained of this powder 

material, specifically PSD 45-150 µm, PSD 38-150 µm, and PSD 38-180 µm. PSD 45-150 µm is the 

“typical” powder that is often used during manufacturing and is the optimized distribution that is 

observed to provide consistent results in EBM-AM. The other powder distributions are experimental 

powders that can give insight to how the powder morphology and properties can the powder bed in the 

EBM technology as well as the powder consolidation during the melting process.  

One of the first analysis that can be observed is the physical components of the powder. SEM is able 

to visually capture various physical features of the feedstock. For example, satellite particles, porosity, 

and overall shape. Figure 5 shows several images collected from the SEM machine of all three PSDs 

in the virgin state (as-received) in this study.  
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Figure 5. SEM images of powder particles within the three-powder size distribution; a) 45-150 µm, 

b) 38-150 µm, and c) 38-180 µm. 
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As seen in Figure 5, satellite particles are present within the bulk powder. There is a difference in 

concentration of these particles depending on the PSD. PSD 38-180 µm and PSD 38-150 µm appears 

to have a higher dominance of satellite particles within the powder particles. This is a result of the lower 

powder size (38 µm) being present as compared to the PSD 45-150 µm (45 µm). In addition, during 

production of the feedstock powder, nano and micro particle are often not accurately removed and are 

often joined to large particles creating the inclusion of satellite particles in the feedstock.  During the 

powder manufacturing process, the smaller powder size potentially allows more of these micro particles 

to agglomerate to the surface of the powder. Additionally, a wider PSD range can lead to more micro 

particles presence, whereas a smaller PSD range allows for more control on what particles can be 

presented in the bulk feedstock.  

Additionally, another visible feature of the powder particles captured by the SEM machine by viewing 

powder cross-sections is the powder porosity. This type of defect is usually common and can form as 

a result of the powder manufacturing process. The porosity in the powder is usually spherical shaped 

from the presence of Argon. Argon is introduced into the powder during production of the feedstock 

during plasma atomization. Pressure from the Argon is built on the surface of the pore creating a more 

spherical shape.  

These features can affect the resulting print in EBM to varying degrees. The porosity from the powder 

can be transferred during consolidation and solidification during the EBM process. Additionally, the 

satellite parts can affect the spreadablilty of the powder, which can result in inconsistencies in the 

powder layer after being spread on the build plate [52]. For instance, the layer thickness can vary at 

different locations on the powder-bed, which can affect the fusing/consolidation of the powder during 

melting creating lack of fusion porosities.  

2.3.2 Powder size distribution analysis 

The PSD reported by AP&C for the feedstock is overall PSD 45-150 µm, PSD 38-150 µm, PSD 38-

180 µm. However, for a detailed analysis, further information on the powder morphology needs to be 

obtained; for example, the diameter, longest ferret diameter, and width of the overall cumulative 

powder particle distribution. Therefore, the Camsizer X2 Image Based Particle Size Analyzer was used 

to capture more information on the powder particles.  

The Camsizer analysis provides information on the xc_min [µm] (width of the particle associated to 

the sieving). xFe_max [µm] (the longest ferret diameter of the particles), and x_area [µm] (the diameter 
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of the particles when projected in an equivalent spherical volume) of the Ti-48Al-2Cr-2Nb powder as 

seen in Figure 6. 

 

Figure 6. Schematic of three key size parameters; xc_min the minimum chord diameter, x_area the 

equivalent circle diameter, and xFe_max the maximum Ferret diameter [53]. 

Based on the Camsizer analysis, the defined D10, D50, and D90 for all the key size parameters are 

determined along with the standard deviation. These size distribution percentile values are reported in 

Table 2 below. These percentiles are essential in describing the behavior of powders in the EBM 

system. For example, there is a correlation between the reported size distribution and the surface 

roughness result. Additionally, this study will be investigating the effect of PSD on the resulting EBM 

printed part, therefore the D10, D50 and D90 are important features of the powder that provides more 

detail to the investigation of PSD effects in EBM. 

Table 2. Size Distribution percentile of xc_min, x_area, and xFe_max. 

Particle Feature PSD D10 D50 D90 

Xc_min 

45-150 µm 55.15±0.19 78.77±0.48 127.58±0.46 

38-150 µm 43.20±0.22 69.49±0.71 126.99±0.68 

38-180 µm 44.82±0.28 77.46±1.16 155.72±0.92 

X_area 

45-150 µm 56.94±0.09 80.12±0.47 131.14±0.42 

38-150 µm 44.83±0.20 72.91±0.76 132.18±0.77 

38-180 µm 46.34±0.18 81.17±0.83 161.68±0.77 

xFe_max 

45-150 µm 58.91±0.06 85.21±0.57 139.21±0.43 

38-150 µm 47.31±0.36 78.90±1.40 141.18±0.76 

38-180 µm 48.86±0.30 87.72±0.40 173.61±0.84 

 



 

 22 

Xc_min 

Xc_min is the measure of the particle breath, which is closely related to the observed sieve analysis. 

Figure 7 shows the xc_min measurement taken from an arbitrary particle.  

 

Figure 7. xc_min from a particle projection. 

The accumulated xc_min distribution for PSD 45-150 µm, 38-150 µm, and 38-180 µm is derived based 

on the measurements collected from the Camsizer. The graph Figure 8 below shows both the cumulative 

and general distribution of particle present is a sample set for all three PSDs. It can be seen that the 

xc_min measurements are biased towards the smaller powder size distribution range for all powders, 

with a non-Gaussian distribution. 
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Figure 8. xc_min particle distribution; a) standard distribution; b) cumulative distribution. 

X_area 

X_area is the diameter of the particle projected based on the equivalent spherical volume of the 

measured powder particle. Figure 9 shows the distribution of the powder particles based on the x_area. 

The cumulative and the non-cumulative distribution is represented in Figure 9. 

The accumulated x_area distribution for PSD 45-150 µm, 38-150 µm, and 38-180 µm is derived based 

on the measurements collected from the Camsizer. The graph below shows both the cumulative and 

general distribution of particle present is a sample set for all three PSDs. Similar to the xc_min, the 

x_area graphs in Figure 9 are indicative of a non-Gaussian distribution, with a bias towards the smaller 

PSD range. 
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Figure 9. x_area particle distribution; a) standard distribution; b) cumulative distribution. 

XFe_max 

xFe_max is the measure of the particle breath, which is closely related to the observed sieve analysis. 

Figure 10 shows the xFe_max particle projection measurement taken from an arbitrary particle.  
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Figure 10. xFe_max particle projection. 

The accumulated xFe_max distribution for PSD 45-150 µm, 38-150 µm, and 38-180 µm is derived 

based on the measurements collected from the Camsizer. The graph Figure 11 below shows both the 

cumulative and general distribution of particle present is a sample set for all three PSDs. Similar to the 

x_area and xc_min, the xFe_max measurements are biased towards the smaller powder size distribution 

range for all powders, with a non-Gaussian distribution, and the particle size distribution is similar to 

the reported diameter of the different PSDs. 
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Figure 11. xFe_max particle distribution; a) standard distribution; b) cumulative distribution. 
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Sphericity 

Sphericity measures the circularity of a particle on a scale from 0 to 1. Particles closer to a spherical 

shape have a sphericity value of 1 and a more irregularly shaped particle has a value close to 0. The 

equation that defines the sphericity is: 

𝟒√𝑨

𝑷𝟐            (1)  

where P is the measure circumference of the particle and A is the calculated projected area. Based on 

the three different measurements collected xc_min, xFe_max, and x_area, the sphericity is calculated 

for all PSD’s measured. Figure 12 below represents the equivalent sphericity using the various defined 

powder morphology measured in this study, specifically, xc_min, xFe_max, and x_area. Powder 

particles appear to be highly spherical; this is typical for plasma atomization. 
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Figure 12. sphericity vs particle size plots for all measured size parameters; a) xc_min; b) x_area; c) 

xFe_max. 

Firstly, the overall trend of all the different powder morphology diameter measurements are consistent 

with each other. For example, in Figure 12 all the measured morphology, 45-150 µm has the highest 

sphericity and 38-150 µm, & 38-180 µm have very similar sphericity measurement.  
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The smaller particles size in the bulk feedstock appears to conform to high sphericity. This means that 

the non-typical PSD (38-150 µm and 38-180 µm) ranges show promise to be utilized in the EBM 

process and potentially improve the economics of powder consumption by increasing powder yield for 

EBM. Additionally, in Figure 8, Figure 9, and Figure 11 all the reported diameter measurement 

showcases a very similar particle size distribution. This occurrence points to the spherical nature of the 

particles, especially when comparing the xFe_max to the x_area, where the similar particle size 

distribution identifies the high sphericity of the overall virgin Ti-48Al-2Cr-2Nb powder. 

Another trend identified in the morphology analysis is the fluctuation of the measured sphericity as the 

particle size changes. Regardless of the PSD and diameter measurement used to derive the sphericity, 

the particle size ranging from 0 – 66 µm (approximately) produces a higher deviation in the measured 

sphericity values, with the lowest overall values in each category. Therefore, the smaller particles in 

the virgin powder are usually not perfectly spherical in shape as compared to the higher particle sizes. 

However, the sphericity difference is not expected to largely influence the EBM-printing result s when 

using the Ti-48Al-2Cr-2Nb powder, especially when the lowest measured sphericity is approximately 

0.9 (on a scale from 0 - 1). 

 

2.3.3 Powder rotating drum (GranuDrum) 

Understanding how powders perform is crucial for ensuring process efficiency and high-quality final 

products. One important factor that affects powder performance is its flowability. The GranuDrum 

device, a powder rotating drum, is an automated tool that measures rheological properties, specifically 

flowability by utilizing the rotating drum method. 

Analysis 

Based on the description of this method of calculating flowability, the three different PSD’s will be 

compared to identify potential trends that occur when the PSD changes. The angle of repose for all 

three PSD’s at different speeds are represented in the Figure 13 below. Based on what is known about 

the repose angle, at a lower speed, the angle reported is relatively similar, however, as the speed is 

increased the narrower PSD (45-150 µm) projects a lower repose angle in comparison to the wider 

PSD’s (38-150 and 38-180 µm). Therefore PSD 45-150 µm is projected to have the best flowability 

among the different feedstocks. Additionally, PSD 38-150 µm has a lower repose angle compared to 
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PSD 38-180 µm, therefore PSD 38-150 µm has a better flowability than PSD 38-180 µm. When 

observing the trends in the figure below, there is a correlation between the powder size range and the 

flowability. A narrower PSD provides a better flowability than a wider PSD range. 

 

 

Figure 13. Dynamic angle of repose for PSD 45-150 µm, 38-150 µm, and 38-180 µm. 

In Figure 14, the cohesive index of the PSD 45-150 µm is the lowest out if the examined feedstock. 

Throughout the GranuDrum analysis with various speeds, the cohesive index remains in the “good” 

cohesion range. The other PSD’s measured show a higher cohesion level in comparison to the PSD 45-

105 µm. However, the widest PSD (38-180 µm) shows a lower cohesion than the 38-150 µm as the 

speed increases. The 38-150 µm particles enters the “poor” cohesion level at the highest speed in this 

GranuDrum analysis. Based on this trend, it is likely that having smaller particles in the distribution 

increases cohesion of the bulk. The smaller particles have a much smaller gravitational force and more 

frictional forces present as compared to a higher particles size, with a higher weight and volume, 

therefore gravitational force is considerable in this regard. Based on this initial understanding, bulk 
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particles with smaller particles in larger percentages appears to produce less cohesive flow in the 

feedstock when comparing the 38-150 µm and the 38-180 µm powder classes. The wider PSD does 

have smaller particles in the bulk, however there is presence of larger particles so the feedstock is not 

predominantly dominated by smaller particles. 

 

Figure 14. Cohesive index for PSD 45-150 µm, 38-150 µm, and 38-180 µm. 

2.3.4 Powder tap density (Granupack) 

The powder tap density is another analysis conducted on the Ti-48Al-2Cr-2Nb powder received from 

AP&C to analyze. This analysis investigates the packing density of the powder used in this experiment. 

Analysis 

The Table 3 below show the bulk density of the different powders at the beginning of the experiment 

(ρ[B]), the end of the experiment (ρ[T]), and the extrapolated bulk density value for an infinite amount 

of taps (ρ[∞]). 
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Table 3. Table of bulk density for PSD 45-150 µm , 38-150 µm , and 38-180 µm and the calculated 

Carr index and Hausner ratio powder flowability. 

PSD ρ(B) (g/mL) ρ(T) (g/mL) ρ(∞) (g/mL) Carr Index (C) 
Hausner Ratio 

(Hr) 

45-150 µm 2.33±0.01 2.57±0.01 2.64±0.01 0.093 1.103 

38-150 µm 2.38±0.00 2.64±0.01 2.71±0.01 0.098 1.109 

38-180 µm 2.40±0.01 2.66±0.00 2.73±0.00 0.098 1.108 

The results of the GranuPack analysis show some differences between the different powders in Figure 

15. PSD 45-150 µm has the smallest packing density life cycle, while PSD 38-150 µm and 38-180 µm 

have similar result, with PSD 38-150 µm performing slightly better. Therefore, smaller powder 

particles appear to positively affect the resulting packing density to a much higher effect than larger 

particles. A higher packing density is preferred in the EBM process to reduce the risk or large pore 

defect formation and improve the overall repeatability of the process [54]. 

 

Figure 15. Shows the average packing density measured from the GranuPack machine for the Ti-

48Al-2Cr-2Nb powder. 
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Another way to measure the flow properties is through using indexes and ratios like the Compressibility 

Index (C) and the Hausner ratio (HR), which are both similar in the information they portray and the 

information utilized to calculate the data [55]. C informs on the compressibility of the powder during 

EBM process and the HR details the cohesive nature of the powder measured in this experiment. C 

values ≤10 and HR values between 1.00 – 1.11 are considered to have excellent powder flowability 

[52]. Based on the indexes, the powder measured in this study all have excellent flowability.  The 

tapped density (or end of experiment density) and the bulk density are the factors utilized to calculate 

the indexes [56]. 

𝐂𝐚𝐫𝐫’𝐬 𝐢𝐧𝐝𝐞𝐱 (𝐂) =  
𝑻𝒂𝒑𝒑𝒆𝒅 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 (𝝆𝑻)−𝑩𝒖𝒍𝒌 𝒅𝒆𝒏𝒊𝒔𝒕𝒚 (𝝆𝑩)

𝑻𝒂𝒑𝒑𝒆𝒅 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 (𝝆𝑻)
 [56]     (2) 

𝐇𝐚𝐮𝐬𝐧𝐞𝐫 𝐫𝐚𝐭𝐢𝐨 (𝐇𝐑) =  
𝑻𝒂𝒑𝒑𝒆𝒅 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 (𝝆𝑻)

𝑩𝒖𝒍𝒌 𝒅𝒆𝒏𝒊𝒔𝒕𝒚 (𝝆𝑩)
 [56]     (3) 

 

2.3.5 Hall/Carney powder flow 

Powder flow can also be measured using the Hall and Carney analysis. This analysis gives a preliminary 

insight into the powder flow within the EBM system. Analysis on the powder flow control is essential 

when creating EBM-printed part with repeatability [57]. Therefore, analyzing how powder flows and 

layers in the EBM chamber provides an understanding on the effects of powder feedstock in EBM [57]. 

Analysis 

The resulting flow rate measured based on the Carney/Hall experiment performed is as shown in Table 

4. There is a noticeable difference in the flow rate for each powder distribution. The reference powder, 

PSD 45-150 µm, is shown to have the lowest flow rate measured. The flowrate is heavily dependent on 

the geometry of the powder particles, where a smaller powder particle feedstock tends to have a better 

flow rate. In this study, all three PSD’s showcase similar flow rate behavior in the experimental trials, 

with PSD 38-150 µm and PSD 45-150 µm having the lowest overall flow rate and PSD 38-180 µm 

having a slightly higher flow rate that is credited to the presence of larger powder particles. However, 

it is important to note that Hal/Carney measures a singular powder flow behavior, which often does not 

fully represent the spreading behavior in the powder-bed [57]. Therefore, the reported flow rate is more 

of a general or preliminary analysis to the powder behavior in the EBM process.  
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Table 4. Table of hall and carney flow rate results for PSD 45-150 µm, 38-150 µm, and 38-180 µm. 

 PSD Trial 1 Trial 2 Trial 3 Average FR 

Hall Flow rate 

45-150 µm 30.3 30.5 30.1 (30.15±0.2)/50g 

38-150 µm 31 30.8 30.3 (30.88±0.26)/50g 

38-180 µm 33.5 32.1 31.8 (32.31±0.91)/50g 

Carney Flow 

rate 

45-150 µm 10.7 10.7 10.6 (10.7±0.0)/150g 

38-150 µm 10.7 10.7 10.6 (10.7±0.0)/150g 

38-180 µm 10.8 10.5 10.5 (10.6±0.0)/150g 

2.3.6 Powder computed tomography 

The feedstock used for the computed tomography (CT) study was reused powder, therefore, some 

changes can occur in the powder analysis as a result of the process [52,58].  When powder is reused, it 

undergoes some degradation (broken, shattered, elongated, and deformed powder particles) which leads 

to a mixture that is a bit distinct from the original powder [52]. These deformations are often due to the 

sintering and melting of particles during the EBM process, particles collision, and sieving process 

during power recovery [52,55]. Changes in the flowability can be observed due to modifications in the 

surface characteristics and the creation or dispersion of agglomerates. However, the most significant 

change occurs in the Particle Size Distribution (PSD) [27].  

Analysis - general 

The data extracted from the CT scan and data processing software was utilized to present information 

on the powder particles and porosity, for all PSDs utilized in this study (45-150 µm, 38-150 µm, 38-

180 µm). This analysis is conducted on re-used powder to simulate similar particle properties as during 

EBM-printing. Comparison between all PSD measured is confirmed based on the trends identified in 

the computed tomography scans. Table 5 is defined based on the defined powder particle and porosity 

classified in the dragonfly software  

Table 5. Table of particle and porosity count identified in the quantified data. 

PSD Powder Particle Count Porosity Count Particle: Porosity ratio 

45-150 µm 21,953 760 28.89 

38-150 µm 18,463 429 43.04 

38-180 µm 6,280 918 6.84 
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Figure 16. Showcases distribution of Equivalent Diameter for All PSD measured; a) Histogram of 

Equivalent diameter for PSD 45-150 µm, 38-150 µm, and 38-180 µm; b) Violin plot showing 

distribution of Equivalent diameter for PSD 45-150 µm, 38-150 µm, and 38-180 µm. 
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Based on the distribution of equivalent diameters for all studied PSDs, differences in the re-used powder 

are identified. For all PSD’s, the distribution is within the expected range, however, equivalent diameter 

lower than the limits for all PSD’s are identified in the sample size, potentially as a result of the 

processing of the reused powder or excessive noise created during data processing. As seen in Table 5, 

the samples size is much larger in the reference PSD as compared to the other PSD’s and potentially 

influences the results seen. PSD 38-150, shows a similar distribution as the reference PSD, which is 

expected when considering the PSD range of both powder bulk. PSD 38-180 shows a larger range in 

the distribution than the other powder bulk samples, which is also an expected result considering PSD 

38-180 µm is the widest ranged PSD in this study.  

 

Figure 17. Represents the violin plots derived for the Aspect ratio of all the analyzed powder set in 

this study: PSD 45-150 µm, 38-150 µm, and 38-180 µm. 

Analysis – PSD 45-150 µm 

PSD 45-150 µm is the reference powder within the powder set provided for this study and is also the 

narrowest PSD. The sample size of the powder bulk scanned for this PSD is 21,953 particles, and in 

these particles, about 760 pores where confirmed. 
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For the histogram figures shown in Figure 18, the equivalent diameter matches up with the expected 

distribution, with the closest approximation being the x_area as shown in Figure 9. There are two peaks 

in the histogram that shows a higher particles count. The lower peak at a smaller equivalent diameter 

and the larger peak at approximately 20 µm and 60 µm respectively are the prominent point in the 

Figure 18. The existence of the peak in powder particles a lower than 45 µm (45 µm being the lowest 

diameter size in the reference PSD 45-150 µm) compared to the data in Figure 9, may be indicative that 

powder particles appear to be broken down during printing and can remain in the powder feedstock 

after processing for reuse purpose [52]. Majority of the remaining powder bulk is within the expected 

range of PSD 45-150 µm as seen in the highest peak in Figure 18. Additionally, the histogram for the 

powder porosity showcases a prominent count at the lowest equivalent diameter. However, the 

respective powder particle that contains the porosity mainly appears in the larger particles size as seen 

in Figure 18(a). Of note, this could be an artefact of the CT scanning resolution creating limitations in 

the size of powder particles and pores that can be detected.  
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Figure 18. Histogram of calculated equivalent diameter of PSD 45-150 µm powder with; a) portrays 

the total powder particle distribution and particles with porosity distribution; b) portrays total powder 

particle distribution and porosity distribution. 
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For the histogram figure shown in Figure 19, the aspect ratio is spread across the range from 0 to 1, 

with the highest count at the higher aspect ratio. Therefore, majority of the powder bulk PSD 45-150 

µm remains spherical in shape with processing. Additionally, the powder porosity aspect ratio is much 

higher than the particles, with an approximate lowest value of 0.5, hence the porosity is predominantly 

spherical. 

 

Figure 19. Histogram of measured aspect ratio of PSD 45-150 µm powder that portrays the total 

powder particle distribution and porosity distribution. 

In order to further analyze the trends in the shape of the re-used particles with PSD 45-150 µm, the 

shape of the particles were categories into spherical and non-spherical particles. The feature used to 

create this demarcation is the aspect ratio. Aspect ratio values >= 0.7 are categorized into the spherical 

particle and values < 0.7 are defined as non-spherical particles. Based on Figure 20, there is a larger 

particle count for samples with a spherical shape as compared to the non-spherical. Another trend 

identified is the higher volume particles tend to be non-spherical in shape according to Figure 20. This 

may be indicative of powder satellite formation, powders mechanically breaking or clustering together 

during processing; these phenomena have been reported previously for EBM powders [52,58].  
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Figure 20. Figure showcases aspect ratio of PSD 45-150 µm powder with; a) portrays the total 

powder particle distribution aspect ratio against the volume; b) portrays total powder particle 

histogram distribution. 
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Analysis – PSD 38-150 µm 

PSD 38-150 µm is the second widest PSD ranged powder within the powder set provide for this study, 

with the same upper threshold as the reference (150 µm) but with smaller particles at the lower threshold 

of the range (38 µm). The sample size of the powder bulk scanned for this PSD is 18,463 particles, and 

in these particles, about 429 pores where confirmed. 

For the histogram figures shown in Figure 21, the equivalent diameter matches up with the expected 

distribution. There are two peaks in the histogram that shows a higher particles count. The lower peak 

at a smaller equivalent diameter and the larger peak at approximately 20 µm and 50 µm respectively 

are the prominent point in the Figure 21. However, a noticeable difference between the 38-150 µm PSD 

and the reference is the slightly lower equivalent diameter (50 µm as compared to 60 µm) at the highest 

peak count on the histogram. The existence of powder particles lower than 38 µm (38 µm being the 

lowest diameter size in the reference PSD 38-150 µm) could be a result of powder particles breaking 

down during printing and remain in the powder feedstock after processing for reuse purpose, or can be 

a result of noise created during the pre-processing of the data. Majority of the remaining powder bulk 

is within the expected range of PSD 38-150 µm as seen in the highest peak in Figure 21. Additionally, 

the histogram for the powder porosity showcases a prominent count at the lowest equivalent diameter. 

However, the respective powder particle that contains the porosity mainly appears in the larger particles 

size as seen in Figure 21(a). This is consistent with the observations from 45-150 µm PSD range.  
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Figure 21. Histogram of calculated equivalent diameter of PSD 38-150 µm powder with; a) portrays 

the total powder particle distribution and particles with porosity distribution; b) portrays total powder 

particle distribution and porosity distribution. 
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For the histogram figure shown in Figure 22, the aspect ratio is spread across the range from 0 to 1, 

with the highest count at the higher aspect ratio. Therefore, majority of the powder bulk PSD 38-150 

µm is spherical in shape. Additionally, the powder porosity aspect ratio is much higher than the 

particles, with an approximate lowest value of 0.4, hence the porosity is predominantly spherical. 

 

Figure 22. Histogram of measured aspect ratio of PSD 38-150 µm powder that portrays the total 

powder particle distribution and porosity distribution. 

In order to further analyze the trends in the shape of the re-used particles with PSD 45-150 µm the 

shape of the particles were categories into spherical and non-spherical particles. The feature used to 

create this demarcation is the aspect ratio. Aspect ratio values >= 0.7 are categorized into the spherical 

particle and values < 0.7 are defined as non-spherical particles. Based on Figure 23, there is a larger 

particle count for samples with a spherical shape as compared to the non-spherical. However, the 

present of non-spherical particles is relatively large especially in comparison to the reference PSD. 

Another trend identified is the higher volume particles tend to be non-spherical in shape according to 
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Figure 23. These trends are similar to PSD 45-150 µm where the particles that tend to have the larger 

volume are the non-spherical particle. The non-spherical particles are assumed to develop from the 

degradation of the powder during powder recovery for the re-used samples since the virgin powder 

sphericity is above 0.9 for the entire distribution of the PSD 38-150 µm samples as seen in Figure 12 

[52]. The degradation of the powder is often attributed to the pre-sintering of the powder during the 

EBM-process before the recovery and the sieving of the powder particles during powder recovery [52]. 

The reused powder feedstock can often times contain large non-spherical particles that remain even 

after sieving the powder [52]. When comparing the large particles identified in the measured particles, 

the range of the volume for the larger particles is under 14*106 µm3, which is smaller than the 45-150 

µm PSD (12*107 µm3). This difference can be attributed to the presence of a larger quantity or 

percentile of lower powder particles in the PSD 38-150 µm range.  
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Figure 23. Figure showcases aspect ratio of PSD 38-150 µm powder with; a) portrays the total 

powder particle distribution aspect ratio against the volume; b) portrays total powder particle 

histogram distribution. 
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Analysis – PSD 38-180 µm 

PSD 38-180 µm is the widest PSD ranged powder within the powder set provide for this study, with 

the highest upper threshold (180 µm) and with smaller particles at the lower threshold of the range (38 

µm). The sample size of the powder bulk scanned for this PSD is 6,280 particles, and in these particles, 

about 918 pores where confirmed. Of note, this experiment captured a significantly lower number of 

particles in the CT field of view; as such, the results may be affected by this. 

For the histogram figures shown in Figure 24, the equivalent diameter matches up with the expected 

distribution. There are two peaks in the histogram that shows a higher particles count. Both peaks have 

roughly similar counts. Therefore, the presence of particles at both the equivalent diameter is high. The 

smaller equivalent diameter and the larger equivalent diameter at approximately 20 µm and 50-80 µm 

respectively are the prominent point in the Figure 24. However, a noticeable difference between the 38-

180 µm PSD and the reference PSD is the wider distribution of equivalent diameter at the peak count 

on the histogram, meaning the particles in this PSD bulk range are spread across a wider equivalent 

diameter. The existence of powder particles lower than 38 µm (38 µm being the lowest diameter size 

in the reference PSD 38-180 µm) could be a result of powder particles breaking down during printing 

and remain in the powder feedstock after processing for reuse purpose, or could also be a result of noise 

created during the pre-processing of the data. Majority of the remaining powder bulk is within the 

expected range of PSD 38-180 µm as seen in Figure 24.  
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Figure 24. Histogram of calculated equivalent diameter of PSD 38-180 µm powder with; a) portrays 

the total powder particle distribution and particles with porosity distribution; b) portrays total powder 

particle distribution and porosity distribution. 
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For the histogram figure shown in Figure 25, similar to the PSD 45-150 µm and 38-150 µm the aspect 

ratio is spread across the range from 0 to 1, with the highest count at the higher aspect ratio. Therefore, 

majority of the powder bulk PSD 38-150 µm is spherical in shape. Additionally, the powder porosity 

aspect ratio is generally spread across the aspect ratio range available, with predominantly spherical 

shaped porosities (aspect ratio close to 1).  

 

 

Figure 25. Histogram of measured aspect ratio of PSD 38-180 µm powder that portrays the total 

powder particle distribution and porosity distribution. 

In order to further analyze the trends in the shape of the re-used particles with PSD 45-150 µm, the 

shape of the particles were categories into spherical and non-spherical particles. The feature used to 

create this demarcation is the aspect ratio. Aspect ratio values >= 0.7 are categorized into the spherical 

particle and values < 0.7 are defined as non-spherical particles. Based on Figure 26, there is a larger 

particle count for samples with a spherical shape as compared to the non-spherical, even more so in 

PSD 38-180 µm as compared to 45-150 µm and 38-150 µm. Another trend identified is the higher 

volume particles tend to be non-spherical in shape according to Figure 26. Potentially, larger particles 
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are more likely to be non-spherical after EBM printing production due to powder deformation, therefore 

creating the difference between the particle shapes. 

These trends are similar to PSD 45-150 µm and PSD 38-150 µm where the particles that tend to have 

the larger volume are the non-spherical particle. The non-spherical particles are assumed to develop 

from the degradation of the powder during powder recovery for the re-used samples since the virgin 

powder sphericity is above 0.9 for the entire distribution of the PSD 38-150 µm samples as seen in 

Figure 12 [52]. When comparing the large particles identified in the measured particles, the range of 

the volume for the larger particles is under 2.5*107 µm3, which is slightly smaller than the 45-150 µm 

PSD (12*107 µm3) and larger than PSD 38-150 µm (14*106 µm3). This difference can be attributed of 

the PSD. The overall trend in the PSD 45-150 µm and PSD 38-180 µm is similar with PSD 45-150 µm 

having a few more particles with larger volume. PSD 38-150 µm however has the lowest volume range 

across the entire scanned sample particles.  
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Figure 26. Figure showcases aspect ratio of PSD 38-180 µm powder with; a) portrays the total 

powder particle distribution aspect ratio against the volume; b) portrays total powder particle 

histogram distribution. 
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Chapter 3 

Density Analysis 

3.1 Introduction 

Prior research in available literature predominantly centers on optimizing bulk density through process 

parameters in alternative technologies such as LPBF. For EBM, existing studies investigate the 

correlation between a small range of parameters and the relative density in EBM. In contrast, this study 

focuses on a broad range of EBM parameters, as well as in-depth data analysis to explore the correlation 

between process parameters and targets such as relative density and pore morphology. The present 

work will focus on elucidating relationship between process parameters and engineered features on the 

resulting pore properties such as bulk density, entrapped gas pores, and lack of fusion pores for Ti-

48Al-2Cr-2Nb manufactured via EBM. This will be achieved through pore space CT analysis via 

qualitative assessments (data visualization) and quantitative assessments (density outcomes and pore 

space analysis).  

3.2 Materials and methods 

3.2.1 Powder materials 

The powder used in this study is plasma atomized Ti-48Al-2Cr-2Nb (AP&C – A GE additive company) 

with a nominal powder size distribution (PSD) of 45-150um. This alloy contains 48 at.% Titanium, 48 

at.% Aluminum, 2 at.% Niobium, and 2 at.% Chromium.  A scanning electron microscopy (SEM) 

(TESCAN VEGA 3, TESCAN, Brno, Czech Republic) was used to study different perspectives on the 

internal porosities, satellite particles and overall morphology of the powders. The powder samples are 

mounted on a 1 cm dish to form a thin layer of Ti-48Al-2Cr-2Nb powder particles for imaging, which 

is then coated with gold particles to increase visibility in the SEM machine. Additionally, powder 

characterization was conducted on the virgin powder (as-received) using a vision-based powder size 

analysis instrument (Camsizer X2, Retsch, Haan, Germany), revealing quantitative data on the particle 

size distribution. 

3.2.2 Manufacturing process and parameters 

For this study, 107 distinct experimental parts were fabricated using an EBM system (Arcam A2X, GE 

Additive, Boston, USA). This machine allows for process parameter variations in the melting and 
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powder pre-heating scheme. Prior to printing the samples, the initial layer of powder and the build plate 

were preheated to 970°C. The accelerating voltage was held constant at 60V, and a pressure of 2 × 10−3 

mbar was achieved in the fabrication chamber before commencing the entire printing process. To 

ensure consistency in this analysis, all printed samples had common dimensions of 20mm × 20mm × 

25mm. The melt strategy employed a hatch pattern, wherein the electron beam moved along the layer 

either from side to side or in a criss-cross pattern, as illustrated in Figure 27. 

 

 

Figure 27. Schematics of the printing strategy. a) The hatch melting strategy with a melt pool moving 

down the layer from side to side with a 90-degree rotation; b) The dimensions of an experimental 

sample which mirrors the dimensions of all the EBM printed samples in this study. 

This study was comprised of two experimental phases. In Phase 1, a preliminary set of process 

parameters was designed with the goal of attaining a high bulk relative density. Phase 2 involved testing 

various hypotheses to achieve a diverse range of relative density outcomes, with an aim to develop a 

clear relationship between a wide range of density, pore defect types and energy density. The 

manufacturing process of the experimental samples referred in this paper followed individual process 

parameter combinations for each of the EBM printed coupons as seen in Supplementary Table 1. In the 

EBM process, the critical parameters that often are used to represent the applied energy are: line offset, 

focus offset, beam speed, beam current, and beam spot size.  Two engineered features were derived 

based on process parameters values, the volumetric energy density and normalized enthalpy. 
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Synthetic parameters representing energy input 

Normalized enthalpy (NE) and volumetric energy density (VED) were used as an approximation for 

the applied energy on the EBM process. Both of these engineered features are calculated based on the 

input process parameters. NE accounts for the thermal properties of the Ti-48Al-2Cr-2Nb material and 

the EBM process parameters to calculate a dimensionless parameter as an estimate of the energy applied 

[59,60]. The resulting quantitative number represents the normalized energy applied at a singular spot 

on the powder bed when melting and joining the layers.  

𝒉∗ =
𝑨∗𝑷

𝒌∗𝑻𝒎
𝜶

∗√𝝅𝜶𝒗𝑫𝟑
 [59]  𝜶 =  

𝒌

𝝆∗𝒄𝒑
 [61]     (4) 

The normalized enthalpy (h*) calculation is represented in Equation 4, where absorptivity (A, [%]), 

power (P, [W]), thermal conductivity (k, [𝑐𝑚 ∗ 𝐶]), melting temperature (Tm, [C]), thermal difusivity 

(α, [𝑐𝑚2/𝑠]), beam speed (v, [cm/s]), beam spot size (D, [cm]), density (𝜌, [𝑔/𝑐𝑚3]), and heat capacity 

(𝑐𝑝, [𝐽/(𝑘𝑔 ∗ 𝐶]) are utilized  for the Ti-48Al-2Cr-2Nb normalized enthalpy calculation. The 

normalized enthalpy themal properties are referenced based on the melting temperature of Ti-48Al-

2Cr-2Nb material. 

Table 6. Ti-48Al-2Cr-2Nb thermal properties within the EBM process. [62,63] 

Density 

(𝒈/𝒄𝒎𝟑) 

Heat Capacity 

(𝑱/(𝒌𝒈 ∗ 𝑪)) 

Thermal 

Conductivity (𝑾/
(𝒄𝒎 ∗ 𝑪)) 

Thermal 

diffusivity (𝒄𝒎𝟐/
𝒔) 

Absorptivity of 

electron beam 

(%) 

Melting point 

(𝑪) 

4100 700 23 8.013*10-6 80 1460 

Another means of expressing the energy input of the EBM process is via VED. The VED considers the 

average applied energy on a volume of the Ti-48Al-2Cr-2Nb material. VED is calculated from the 

applied process parameters (current, speed, voltage, layer thickness, and line offset) [64]. The VED 

calculation, as seen in Equation 5 is much simpler that the NE calculation and it is usually implemented 

as a common measurement of applied energy during an AM process [64]. 

𝑽𝑬𝑫 =  
𝑽𝒐𝒍𝒕𝒂𝒈𝒆(𝒌𝑽) ∗ 𝑪𝒖𝒓𝒓𝒆𝒏𝒕 (𝒎𝑨)

𝑺𝒑𝒆𝒆𝒅 (𝒎𝒎
𝒔⁄ ) ∗ 𝑳𝒊𝒏𝒆 𝒐𝒇𝒇𝒔𝒆𝒕(𝝁𝒎) ∗ 𝑳𝒂𝒚𝒆𝒓 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔(𝝁𝒎)

   (5) 

Both of these energy features provide a general representation of the energy applied to melt and join 

each layer within the EBM process. 
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Another set of expressions for energy input are line energy (LE) and area energy (AE), as described 

below. LE refers to the calculated applied or input energy from the electron beam on a continuous melt 

line in the EBM system. While the AE refers to the applied energy of the electron beam on a specific 

area in a single layer within the EBM print. The LE equation is calculated using the (current, speed, 

voltage), while the AE includes the line offset as a parameter to quantify the energy effect on a specified 

area (current, speed, voltage, and line offset) 

𝑳𝑬 =  
𝑽𝒐𝒍𝒕𝒂𝒈𝒆(𝒌𝑽) ∗ 𝑪𝒖𝒓𝒓𝒆𝒏𝒕 (𝒎𝑨)

𝑺𝒑𝒆𝒆𝒅 (𝒎𝒎
𝒔⁄ )

     𝑨𝑬 =  
𝑽𝒐𝒍𝒕𝒂𝒈𝒆(𝒌𝑽) ∗ 𝑪𝒖𝒓𝒓𝒆𝒏𝒕 (𝒎𝑨)

𝑺𝒑𝒆𝒆𝒅 (𝒎𝒎
𝒔⁄ ) ∗ 𝑳𝒊𝒏𝒆 𝒐𝒇𝒇𝒔𝒆𝒕(𝝁𝒎)

          (6) 

3.2.3 Computed tomography and data visualization  

X-ray Computed Tomography (CT) (Zeiss Xradia 520 Versa, ZEISS, Oberkochen, Germany) was used 

to capture the internal pore architecture of the experimental samples. For this analysis, all coupons 

printed in the EBM process were scanned at a resolution of 10µm. The resulting TXM files was roughly 

set at 9.8 mm diameter and 10 mm height. All the printed sample scans were cropped to a height of 8 

mm, by removing cone effect, which typically occurs in CT analysis, from the top and bottom layer in 

the initial CT scans [65]. For phase 1 samples, a height of 6,000 microns of the measured CT data was 

analyzed, while phase 2 height was set at 8,000 microns for each sample. For all the data processed, a 

similar coordination was obtained by defining the data from the center of the scan. 

An image processing software (Dragonfly Software, Object Research Systems (ORS), Montreal, 

Canada) was utilized as a post-processing analysis tool to quantify the pore characteristics based on the 

3D imaging of each EBM-printed part. The spatial and size distribution of porosity were extracted and 

different types of pores were classified based on the shape, size/, and aspect ratio of each pore. For this 

study, an aspect ratio from a scale from 0 to 1 was utilized to define the type of pore. The two main 

types of porosity defect witnessed in EBM are lack of fusion (LOF) pores created due to insufficient 

applied energy needed to melt and fuse the layers in the EBM process, and gas porosity which are 

generally believed to be transferred from the powder/feedstock into the melted layers. Within this study, 

the LOF defects and the gas porosity defects are defined in each category based on aspect ratio < 0.7 

for LOF and ≥ 0.7 for gas pores, respectively. This aspect ratio creates a demarcation between a more 

‘spherical’ defect and an ‘irregular’ defect [38]. Equation 1 was utilized to quantify the relative density 

of each EBM printed part. 

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 =  
𝑽𝒐𝒙𝒆𝒍 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒔𝒐𝒍𝒊𝒅 

𝑽𝒐𝒙𝒆𝒍 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒆𝒏𝒕𝒊𝒓𝒆 𝑹𝑶𝑰
     (7) 
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The voxel count of just the pores that are identified as LOF and gas pores were extracted as well to 

estimate the different types of porosity using Equation 2 and Equation 3. 

𝑳𝑶𝑭 𝒑𝒐𝒓𝒐𝒔𝒊𝒕𝒚 = (𝟏 − 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 ) ∗  
𝑽𝒐𝒙𝒆𝒍 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝑳𝑶𝑭

𝑽𝒐𝒙𝒆𝒍 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝑳𝑶𝑭 𝒂𝒏𝒅 𝒈𝒂𝒔 𝒑𝒐𝒓𝒆𝒔
 (8) 

𝒈𝒂𝒔 𝒑𝒐𝒓𝒐𝒔𝒊𝒕𝒚 = (𝟏 − 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 ) ∗  
𝑽𝒐𝒙𝒆𝒍 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒈𝒂𝒔 𝒑𝒐𝒓𝒆𝒔

𝑽𝒐𝒙𝒆𝒍 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝑳𝑶𝑭 𝒂𝒏𝒅 𝒈𝒂𝒔 𝒑𝒐𝒓𝒆𝒔
 (9) 

3.2.4  Classification categories based on porosity (or alternately bulk density) levels 

To categorize the printed samples based on their quality level with respect to bulk density, we defined 

a 4-class threshold. Samples that fall under the “Excellent,” “Good,” “Poor,” and 

“Failed/Unacceptable” ranges were identified. The criteria for each threshold class were defined based 

on the main factors that impact the mechanical properties of the printed samples. 

- Excellent Threshold: Samples that fall in this range showcase optimal result (close to 100% 

relative density) in the as-built condition. The mechanical properties are not heavily influenced 

in this range. Are expected to be fully closed in HIP. 

- Good Threshold: Samples that fall in this range are reasonably appropriate results. The defects 

are more prominent, however, the samples in this range are not expected to drastically affect 

the mechanical properties, similar to fully dense prints; expected to be mostly closed in HIP. 

- Poor Threshold: Samples that fall in this range present poor mechanical properties in the as-

built condition. Pore defects may be closed in this range with HIP, but not guaranteed. 

- Failed/Unacceptable Threshold: Samples that fall in this range are not expected to produce 

good/dense parts even after HIPing due to size of potential pore defect connecting with the 

surface of printed samples, therefore interfering with the ability to close the defects using HIP. 

The values for each threshold were derived based on previous studies conducted on Ti-alloy samples 

printed via EBM. EBM printed Ti-alloy samples generally produce porosity values ranging from 0.15% 

- 5% [34,66,67]. Various studies showcase the optimized and unoptimized sample defect results, as 

well as the effect of HIP in closing the pores in printed samples. Generally, samples with porosity < 

0.2% are expected to be fully closed using HIP and as the porosity gets larger, the less effective HIP is 

in closing the pores [35,67]. In some cases, porosity can be increased due to pore connection to the 

exposed surface during HIP, which often occurs in prints with higher porosity levels [35]. Samples with 

porosity > 2% are expected to have reduced mechanical performance [35]. Based on the available 
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literature and the class definitions above, the thresholds for the Bulk density and bulk porosity are 

shown in Table 7.  

Table 7. Threshold class developed for experimental study of Ti-48Al-2Cr-2Nb with PSD 45-150 

µm. 

Target 
No. of 

classes 

Threshold Class 

Class Threshold (%) Maximum tolerance (range) 

Relative 

density 
4 

Fail d < 98.0 - 

Poor 98.0 < d < 99.6 1.6 

Good 99.6 < d < 99.8 0.2 

Excellent d > 99.8 0.2 

Porosity 4 

Fail 2.0<p - 

Poor 0.4< p < 2.0 1.6 

Good 0.2< p < 0.4 0.2 

Excellent p < 0.2 0.2 

 

3.3 Results and Discussion 

The objective of this study is twofold. Firstly, experimental result results are analyzed and visualized 

to gain a deeper understanding of the process performance. Secondly, machine learning was deployed 

to further represent and identify the relationship between density and the EBM process, as well as to 

classify the resulting density outcomes into four classes representative of quality performance for EBM. 

3.3.1 Powder characteristics  

The powder characterization of Ti-48Al-2Cr-2Nb was conducted using various instruments. The 

particle size distribution results include information on the xc_min (width of the particle associated to 

the sieving), xFe_max (the longest ferret diameter of the particles), and x_area (the diameter of the 

particles when projected in an equivalent spherical volume) of the Ti-48Al-2Cr-2Nb powder. The 

morphology of the powder directly affects the packing density of the powder and how the powder is 

spread on the build platform. This in turn affects the melt pool geometry formed in the EBM process 

[23,68]. Therefore, the recommended PSD range of 45-150µm is utilized for this experiment. The 

powder feedstock utilized in this experiment is analyzed to confirm the morphology features. The 
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powder morphology remained consistent with the expected values without significant changes, thus, 

the powder feedstock is not expected to have a significant unexpected influence on the density results.  

Table 8. The powder morphology of the Ti-48Al-2Cr-2Nb used in the EBM process.  

Analysis Material D10 (μm) D50 (μm) D90 (μm) 

Xc_min 
Ti-48Al-2Cr-2Nb (45-

150um) 
55.15 ± 0.19 78.77 ± 0.48 127.58 ± 0.46 

XFe_max 
Ti-48Al-2Cr-2Nb (45-

150um) 
56.94 ± 0.09 80.12 ± 0.47 131.14 ± 0.42 

X_area 
Ti-48Al-2Cr-2Nb (45-

150um) 
58.91 ± 0.06 85.21 ± 0.57 139.21 ± 0.43 

Based on the SEM images of the virgin powder of Ti-48Al-2Cr-2Nb as seen in Figure 28, there are 

some noticeable physical features of the powder. Satellite particles and porosity within the powder can 

influence the properties of the final printed part [23,68]. Powder porosity can increase overall sample 

part porosity due to the presence of Argon in the powder pores, which develops into the gas porosity 

formation found in EBM printed parts [35,68,69]. Also, satellite particles can affect flowability of the 

feedstock and create regions of powder build-up, which can influence the melting formation of the Ti-

48Al-2Cr-2Nb powder in the EBM machine [68]. Based on the powder analysis, a layer thickness of 

90 µm was selected as a suitable layer thickness in the EBM process.  

 

Figure 28. Scanning Electron Microscopy (SEM) representing the virgin powder state of Ti-48Al-

2Cr-2Nb with a PSD of 45-150um; a) A 800x magnification image that showcases a large cluster of 

the powder feedstock; b) A 5000x magnification image showing the outer features of a singular 

powder samples within the feedstock cluster; c) a 4000x magnification image showcasing the internal 

structures of a singular powder sample within the feedstock cluster. 
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3.3.2 Experimentally-derived relationships between process parameters and bulk 

density 

This study addresses the primary cause of pore defects formation, which is due to insufficient energy 

applied to melting each layer of the γ-TiAl material (LOF porosity) and material vaporization and/or 

porosities from internal pores within the powder (Gas porosity) [11]. The mechanical properties of the 

electron beam-powder bed fusion (EBM) Ti-48Al-2Cr-2Nb (γ-TiAl) samples are heavily influenced by 

relative density, defect size, and defect morphology. Thus, this study looks at the relationship between 

the defect formation and the process parameters defined for γ-TiAl samples [23,30]. The EBM-printed 

samples exhibit identifiable relationships between the input features and density outcomes. Figure 29 

showcases examples of the resulting orthographic images of select samples printed with parameters 

detailed in Supplementary Table 1 to illustrate the range in pore morphology and density distribution 

within the experimental results. To examine the porosity and relative density, computed tomography 

(CT) processed data is utilized to extract quantitative information. Each identified pore has associated 

sphericity, size, and location properties that provide further information on the EBM printing outcomes 

[30]. The results of this study are presented in Figure 29, which demonstrates the orthographic 

projection of three different levels of density and applied energy. Among the samples, Run 2: sample 

11 has the highest bulk density of 99.98% and one of the overall highest calculated normalized 

enthalpy/VED values. On the other hand, a low-density print with a bulk density of 96.6% is observed 

in Run 5: sample 16, which also has one of the overall lowest calculated normalized enthalpy/VED 

values. The middle-level normalized enthalpy/VED value is observed in Run 3: sample 10, which has 

a bulk density of 99.6%. 



 

 59 

 

Figure 29. Isometric and orthographic minimum intensity projection view (top and side view) of the 

computed tomography images captured for varied density and porosity results in PSD 45-150um; (a) 

Very high density sample Run 2: sample 11 showcasing the gas and LOF pores ; (b) relatively 

medium density sample Run 3: sample 10 showcasing the gas and LOF pores; (c) low density sample 

Run 5: sample 16 showcasing the gas and LOF pores. 

It can be observed that the presence of gas porosity is a common occurrence in the printed samples, 

irrespective of the input features and process parameter combinations. However, the concentration and 

size of these gas pores vary based on the process parameter combination. The presence of gas pores is 

associated with the feedstock porosity that is formed during the powder atomization process [35]. Gas 

porosity in parts is developed due to the processing of the Ti-48Al-2Cr-2Nb powder, which usually 

contains Argon [35,69]. The powder properties are predetermined by the powder synthesis process 

[70,71]. These porosities are transferred to the solidified layer after the electron beam melts the powder 

[35,38]. The heat energy directly transferred from the electron’s kinetic energy allows for an 

environment where the gas is trapped under the melted and/or solidified metal layer [35,38]. The 
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spherical nature of the defects leads to the evidence of gas being present. It is believed that a comparable 

pore dimension is translated from the powder pore to the final print pore [34,72]. Therefore, regularly-

shaped (spherical pores) porosity developed during the EBM process is assumed to result from the 

inclusion of gas pores in the powder material [11,38,72]. 

Another phenomenon speculated to affect the EBM's gas-entrapped porosity is a high energy input [73]. 

At a high energy input, the gas-entrapped pores potentially dissipate out of the melted layer, where 

enough time and energy allows the gas particles to be pushed out of the melt pool before solidification 

transformation [33,74]. The change in gas porosity levels as the applied energy is increased can be seen 

in the experiment conducted for this study. Overall, as the energy density increases, the spherical pores 

can diminish in quantity ever slightly. 

All the pores with an aspect ratio < 0.7 are categorized as lack of fusion (LOF) porosity. There is a 

significant increase in the non-spherical pores as the overall applied energy on the samples increases. 

At an insufficient energy input in the EBM process, the powder layer is not fully melted and fused to 

the previous layer [67,72]. Thus, significant irregular elongated defects are formed, which are often 

stress concentration points under mechanical loading, resulting in premature failure of the sample 

[70,72]. The LOF defects appear to be the largest contributor to the porosity when the porosity 

increases, which shows the close relationship between the overall density and the LOF defects. 

Therefore, the process parameter, which determines the energy level, is expected to be the greatest 

contributor to the LOF and relative density. 
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Figure 30. Showcase the derived porosity level for each experimental run results for the EBM 

printed parts against the sample number: (a) represents the porosity level against the sample 

number in each threshold bins ; (b) represents the volume fraction for each pore type against the 

samples number in each threshold bin. 

Each sample and their corresponding porosity level were classified into the four threshold categories, 

as described in Section 3.2.4. Furthermore, for each sample, the LOF and Gas porosity thresholds were 
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deployed to visualize the proportion of the two contributing sources of porosity in each sample. The 

results for each performance bin (“Excellent”, “Good”, “Poor”, “Failed”) are visualized in Figure 30.  

Figure 30a showcases the proportion of LOF and Gas pores as porosity %, while Figure 30b presents 

the normalized volume fraction for each pore type – LOF and Gas pores for each sample in each class. 

The visualization can be used to identify trends in the type of pore defects are expected for each class. 

It can be seen that the predominant defects in the "Failed Threshold” and "Poor Threshold" are LOF 

pores, whereas the Gas pores are more dominant in the ‘Excellent Threshold’ and ‘Good Threshold’. 

The predominant presence of irregular-shaped pores in EBM-produced samples with low density is 

consistent with findings from Iebba and Tammas-Williams et al [33,38]. From these studies, elongated 

pores are attributed to the lack of proficient applied energy necessary to fully consolidate all the un-

melted powder and granules on the EBM powder bed layers [33,38]. Generally, these types of defects 

are associated with potential damage in the resulting prints due to the large size of the resulting defect 

and the presence of stress points created from the irregular shape of the pore defect [38].  This is an 

important finding, as the presence of irregular-shaped pores contributes to poor mechanical 

performance [73]. 

The influence of process parameters on resulting density outcomes can be visualized using the VED 

and NE parameters. Since both VED and NE implicitly refer to EBM parameters and material properties 

respectively, observing both energy representations to understand the trend in the density and porosity 

offers a good insight into optimal performance ranges, where both the occurrence of LOF can be 

minimized and mitigation of Gas pores can be addressed.  
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Figure 31. Showcase the different experimentally derived results for the EBM printed parts: a) 

represents the relationship between the volumetric energy density (VED) of every sample set and the 

relative density; b) represents the relationship between the volumetric energy density (VED)of every 

sample set and the gas porosity; c) represents the relationship between the volumetric energy density 

(VED) of every sample set and the Lack of Fusion porosity. 
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Figure 32. Showcase the different experimentally derived results for the EBM printed parts: a) 

represents the relationship between the normalized enthalpy of every sample set and the relative 

density; b) represents the relationship between the normalized enthalpy of every sample set and the 

gas porosity; c) represents the relationship between the normalized enthalpy of every sample set and 

the Lack of Fusion porosity. 

Figure 31 and Figure 32 showcases an overall trend in all 4-class thresholds whereby a higher energy 

level produces a lower bulk porosity (negative linear trend). There is an observed pattern with the 

experimental data provided in this study for the porosity and the Energy representation. Figure 31a and 
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c. as well as Figure 32a and c show a similar strong trend between the bulk porosity and LOG porosity. 

This relationship is seen over the different performance classes for VED in  Figure 31a, whereby the 

LOF porosity follows the same trend and scale of the bulk porosity values. However, when observing 

the Gas pores trends, the data appears to be more random, whereby the Gas porosity remains fairly 

consistent within a general % range for each class Nevertheless, there is a tendency for the porosity 

level in the Gas porosity to decrease when the energy increases for the “Excellent” and “Good” 

performance classes. The reduction in Gas pores is consistent with findings in literature. The 

development of Gas pores is often attributed to the presence of porosity in the feedstock utilized during 

the EBM process, and various research suggests these porosities are very challenging to remove and 

various studies have been unable to remove the Gas pores during the EBM printing process before heat 

treatment [33]. However, there have been speculations as to a potential reduction method of these pores 

to some extent [38,74]. Tammas-Williams et al. [38] suggests that the addition of high applied energy 

/ heat to the powder bed provides a larger time period for solidification to fully take place, therefore 

allowing some of the gas bubbles to escape by breaking though the melt pool surface before the metal 

fully turns into solid state [38]. The escape of these gas bubbles is heavily dependent not only on the 

high heat applied, but also on the melt pool shape, convective and buoyancy forces needed to hold a 

controlled melt pool as the electron beam moves on the powder bed [38,75].  

The visualization in  Figure 32b appears to showcase a better correlation of NE with the density and 

porosity types, given that the NE takes into account both the influence of the beam process parameters 

and the thermal properties of the Ti-48Al-2Cr-2Nb, in contrast to VED, where the formula does not 

have the ability to distinguish between a low current / low speed parameter combination as compared 

to a high current / high speed combination resulting in similar VED values, but expected to be in 

different physics regimes. NE provides a better insight to the applied energy in EBM with respect to 

material properties. It can be seen that within the Excellent class, there is a region of NE >15 where the 

bulk porosity and Gas porosity are below 0.1%, with minimal contribution from LOF (<0.03%) and 

that Poor and Good performance overlaps at 10<NE<15, while Failed samples are all generally at 

NE<10. A similar delineation is difficult to discern for VED. This is an important finding, as it 

demonstrates the efficacy of using NE instead of VED as a descriptor in experimental DoE or data 

science efforts for process parameter optimization for minimizing porosity (or maximizing density) as 

an objective function. 
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Figure 33. showcase different violin plots for each threshold class containing the experimentally 

derived results for the EBM printed parts: (a) represents the distribution of porosity for each threshold 

bins; (b) represents the distribution of porosity for each defect type (specifically LOF and Gas pores) 

within each defined threshold bins. 
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Figure 33 illustrates the distribution of porosities in each class as violin plots. Within the Excellent 

class, the overall bulk porosity is at the lowest in distribution; as we move from Excellent, to Good, 

Poor, and Failed classes, the bulk porosity levels increase sharply. In each class, the predominance of 

each pore defect type – LOF and Gas pores – switches. Within the Excellent class, the Gas pores as are 

more dominant (mean of 0.0927%) compared to lack of fusion (mean of 0.0288%); similarly, for the 

Good performance class, the Gas pores are more predominant than LOF. As the thresholds move to 

Poor, and Failed, the LOF predominance increases sharply.  

 

Figure 34. showcase different violin plots for each threshold class containing the 

experimentally derived results for the EBM-printed parts: (a) represents the distribution of the 

LOF porosity in each threshold bins; (b) represents the distribution of the Gas porosity in 

each threshold bins. 

As seen in Figure 34, there is a strong increase in the LOF porosity level as the class moves from 

Excellent to Failed. However, the Gas pore does not reflect a similar trend. The Gas pores have a 

comparable porosity level regardless of threshold; there is a slight linear increase, however the porosity 

values overlap in each performance class, therefore the Gas porosity appears to be more random in its 

occurrence as compared to the LOF pores. 

To increase the relative density, reducing the lack of fusion porosity by altering the process parameters 

to result in a higher NE will achieve a higher desired relative density. Care must be taken in not 

exceeding NE values that result in excessive material vaporization and over-melting that will result in 

poor shape fidelity and build failure (such regimes were not explored in this study. The data 
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visualization and analysis stage illustrates the performance of samples across the process parameter 

space and de-couples, for the first time in EBM, the contribution of LOF and Gas pores across different 

performance classes. In addition, the importance of NE as a performance discriminant across classes is 

shown. It is important to find regimes where LOF pores are minimized, as these pores increase the 

likelihood of cracks forming from the edges of the defect [3,76,77]. Another conclusion is that, in 

general, reducing LOF also results in a reduction of general bulk porosity. To further generalize the 

utility of these datasets, future work will focus on feature importance analysis and a machine learning 

classification framework, with a focus on bulk density and LOF classification, given that Gas pores 

appear consistently across all classes. This approach can help in modeling the influence from individual 

input features on the resulting class outcome beyond what the data visualization can achieve. 
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Chapter 4 

Density Analysis for PSD Comparison 

4.1 Introduction 

The present study is focused on investigating the complex relationship between process parameters in 

EBM and the resulting mechanical properties of Ti-48Al-2Cr-2Nb (γ-TiAl) samples for two powder 

size distributions, a narrow distribution of 45-150 µm and a wide distribution of 38-180 µm. The aim 

is to uncover critical nuances that significantly influence relative density and defect characteristics, 

which are fundamental to ensuring the quality and performance of components produced through EBM. 

This study conducts an extensive and in-depth examination of the intricate relationship between various 

process parameters, powder size distributions (PSD), and overall porosity levels in Ti-48Al-2Cr-2Nb 

samples produced through the Electron Beam Melting (EBM) process (Arcam A2X, GE Additive, 

Boston, USA). Furthermore, this is the first study which looks at pore morphology, in addition to bulk 

density, to inform conclusions.  

4.2 Materials and methods 

The EBM technology was employed to manufacture the experimentally-printed samples to complete 

the analysis. The vacuum induction gas atomized Ti-48Al-2Cr-2Nb powder (manufactured by AP&C 

- A GE Additive Company) with a nominal PSD of 45-150 µm and a wider range of 38-180 µm was 

utilized during the printing phase of this study. This particular alloy is composed of 48 at.% Titanium, 

48 at.% Aluminum, 2 at.% Niobium, and 2 at.% Chromium. To analyze the internal porosities, satellite 

particles, and overall morphology of the different powders provided for this study, scanning electron 

microscopy (SEM) (TESCAN VEGA 3, TESCAN, Brno, Czech Republic) was employed from various 

perspectives. Chapter 2 delves into the powder characteristics of the different powders provided 

throughout this study. The preheating scheme utilized to print these Ti-48Al-2Cr-2Nb parts is consistent 

for the experimental design in Section 3.2, where the preheating temperature was set to 970°C. While 

the accelerating voltage and pressure was held constant at 60V, and 2 × 10−3 mbar respectively at the 

beginning of the printing process in the EBM fabrication chamber. The dimension of the printed 

coupons analyzed in this study was set at 20mm × 20mm × 25mm. This chapter looks into detail of the 

comparison between the EBM-printed PSD 45-150 µm and 38-180 µm samples. The process parameter 
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utilized for both PSD 45-150 µm and 38-180 µm is referred to in Supplementary Table 1 and 

Supplementary Table 2 respectively. 

To capture the internal structure of the printed samples, X-ray Computed Tomography (CT) scans from 

Zeiss Xradia 520 Versa (ZEISS, Oberkochen, Germany) were utilized. Additionally, to quantify the 3D 

imaging of the internal/bulk of each EBM-printed part, the Dragonfly Software (Object Research 

Systems (ORS), Montreal, Canada) was employed as an image processing software for post-processing 

analysis. Section 3.2.3 reports on the experimental details employed in the dragonfly post processing 

steps for both PSDs in this study, specifically the powder size information, density of printed parts, 

porosity and different types of porosity defect of the printed parts, the defined thresholds to classify the 

quality of the density, and the energy representation utilized to report the applied energy effect on the 

prints. The classification threshold is defined into 4 different thresholds (Excellent, Good, Poor, and 

Failed), with the main factors utilized to justify and define the value of each threshold bins are reported 

in Section 3.2.4. Additionally, the density, porosity, lack of fusion porosity, and gas porosity are the 

main features of the data that are utilized in this density analysis, with associated methodologies for 

analysis previously described.  

Although the thresholds are defined based on the overall density (or porosity) level, the equivalent LOF 

and gas pores classifications are derived based on the classified porosity bins. The LOF and gas pores 

are defined based on the aspect ratio. Pores with aspect ratio >= 0.7 are identified as gas pores and any 

pores <0.7 are identified as LOF pores (Full detail of data collection and post processing designation is 

identified in Section 3.2.3. For this chapter, the volumetric energy density (VED) and the normalized 

enthalpy (NE) are the specified applied energy features utilized to interpret the relationship between 

the energy and the density results. Section 3.2.2 provides more detail to the derivation of the energy 

representation, as well as the selected EBM parameters that are included in each energy analysis. Both 

PSD 45-150 µm and 38-180 µm utilize the same data collection post processing for all the analysis in 

this chapter as is in Section 3.2 (data analysis of the relative density and porosity distribution, threshold 

classification, and energy representation for the EBM system). 

4.3 Results and discussion 

A comparative analysis was conducted on EMB-printed parts based on outcomes from two distinct 

powder size distributions (PSD), 45-150 µm and 38-180 µm, to bring to light specific trends in porosity 

and density as related to the input powders. The analysis unveiled various nuances that significantly 
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influence the pore properties of the final product. One notable observation is the increase in LOF 

porosity levels as the threshold progresses from an 'Excellent' to a 'Failed' state. This underscores the 

critical role that process parameters and PSD play in achieving robust fusion and structural integrity 

during the EBM process as seen in Figure 35. 

One of the key aspects of this study involves using energy representation as an engineered feature 

describing process parameters. Normalized Enthalpy (NE) and Volumetric Energy Density (VED) 

encompass various EBM parameters, with NE encompassing material properties as well. Figure 35 and 

Figure 36 depict a consistent trend across all 4-class thresholds for both PSD 45-150 µm and 38-180 

µm, where higher energy levels correspond to lower porosity, demonstrating a negative linear trend. 

The percent ratio of Gas pores to Lack of Fusion (LOF) is higher in the 'Excellent' range, but decreases 

significantly as the threshold progresses to the 'Failed' range in both PSD ranges.  

The experimental data in this study establishes a strong relationship between bulk porosity and lack of 

fusion (LOF) porosity, evident in Figure 35a and c, as well as Figure 36a and c, across all the four 

different thresholds. The similarity in trends suggests a close correlation between the LOF porosity and 

the overall porosity, however, this trend is not identified between the Gas porosity and the overall 

porosity. Gas pore trends exhibit a randomized pattern, with porosity levels remaining within an 

expected range (0.1 % – 0.4 %), as the threshold changes from Excellent, Good, Poor, and Failed. 

Notably, there is a discernible tendency for gas porosity to decrease with increasing applied energy, 

highlighting the intricate relationship between energy input and defect characteristics in the EBM 

process for Ti-48Al-2Cr-2Nb EBM-printed samples [74]. Tammas-Williams et al. [38] states that gas 

pores can escape the melt pool during the EBM process melting under very specific conditions, where 

the gas bubble can escape from the melt pool before full solidification is established [38].  

To confirm the relationship between the process parameters, energy and the density, analysis on the 

energy density is employed. Two types of energy representation are selected to encompass specific 

process parameters of the EBM process to report on the applied energy. These energy representations 

are VED and NE. To start off the analysis, the relationship between the energy and the porosity 

measured for all the experiments performed in this study is confirmed. Overall, based on Figure 35 and 

Figure 36, as the applied energy VED and NE increases in the EBM system, the expected overall 

porosity is reduced. This trend is identified in all the experimental samples regardless of the threshold. 

This trend is also witness in the LOF porosity in Figure 35 and Figure 36. The close trend relationship 
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between the overall porosity and the LOF porosity point out the clear correlation. Firstly, the VED 

graphs in Figure 35 does not show clear demarcation of the VED values in all the thresholds. An 

‘Excellent’ porosity level as well as a ‘Failed’ porosity level can have the same VED value, which 

informs that this energy representation might not be the most appropriate to represent the applied 

energy. Normalized enthalpy provides a better representation of the relationship between the applied 

energy and porosity. Figure 36 appears to showcase a larger difference between the applied energy for 

each threshold. Most samples in the Failed category have a lower NE value, as compared to the better 

thresholds in Figure 36 and the Excellent threshold has a wider range of enthalpy values as compared 

to the other threshold.  

When comparing the PSD 45-150 µm and 48-180 µm in Figure 36, there is a clearer demarcation for 

the 45-150 µm that is not reflected in the PSD 38-180 µm. Based on this result, potentially the clear 

NE demarcation in each threshold bin that identifies which samples fall in a threshold bin can change 

depending on the PSD. This hypothetically is due to each PSD feedstock having different features for 

example powder internal porosity, morphology, flowability and packing density [25]. There are 

multiple other influences that potentially contribute to the different pore formation of a printed part 

[28]. Therefore, to achieve a low porosity value, there are other factors that need to be investigated. For 

the wider PSD range 38-180 µm, once the input energy reaches a very high level, other EBM features 

potentially can have a higher influence on the density result, as compared to the process parameter 

identified in the NE equation. For example, the powder morphology and beam feature can cause a 

reduction in the resulting density due to change in flowability and packing density [25,78]. 

Additionally, at a wider powder range, due to the wide range of the powder particle morphology in the 

powder bed, the combination of the parameters can introduce instability in the printed sample. 

Therefore, optimization for a wider PSD needs to be addressed differently as compared to the 

recommended narrower PSD (45-150 µm) ranges. 

To confirm the relationship between the individual process parameter, machine learning (ML) and 

Statistical analysis may be used to identify the effect of each process parameter can give a clearer 

insight to the important EBM feature when it comes to density optimization. Regardless, the 

comparison between PSD 45-150 µm and PSD 38-180 µm provides valuable insights into the impact 

of energy input on porosity levels in Ti-48Al-2Cr-2Nb samples. The preliminary and general dynamic 

interplay between energy input, powder size distribution, and resulting defect characteristics is 

identified. 
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Figure 35. Showcase the different experimentally derived results for the EBM printed parts of both 

PSD 45-150 µm and 38-180 µm: a) represents the relationship between the volumetric energy density 

(VED) of every sample set and the relative density; b) represents the relationship between the 

volumetric energy density (VED)of every sample set and the gas porosity; c) represents the 

relationship between the volumetric energy density (VED) of every sample set and the Lack of Fusion 

porosity. 
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Figure 36. Showcase the different experimentally derived results for the EBM printed parts of both 

PSD 45-150 µm and 38-180 µm: a) represents the relationship between the normalized enthalpy of 

every sample set and the relative density / porosity; b) represents the relationship between the 

normalized enthalpy of every sample set and the gas porosity; c) represents the relationship between 

the normalized enthalpy of every sample set and the Lack of Fusion porosity. 



 

 75 

Based on the 4-class thresholds defined, the data visuals (violin plots) for both PSD 45-150 µm and 38-

180 µm were created in Figure 37. These visuals showcase the overall distribution of the measured 

porosity of PSD 45-150 µm and 38-180 µm. Based on the threshold ranking from Excellent, Good, 

Poor and Failed, the porosity distributions are presented. There appears to be a similar porosity for both 

PSD’s across the threshold bins. 

As thresholds shifted from 'Excellent' to 'Failed' states, bulk porosity levels for both PSD 45-150 µm 

and 38-180 µm consistently increased, highlighting the similar role process parameters plays in shaping 

the structural integrity of both PSDs. Moreover, the study discovered that PSD 45-150 µm and PSD 

38-180 µm showed a striking similarity in the distribution of overall porosity, underscoring the 

comparable influence of PSD on the resulting bulk porosity, within the experimental process parameter 

windows studied. Therefore, it is important to break down the overall porosity into the LOF and Gas 

porosity type, to better understand other changes.  

 

Figure 37. Showcase different violin plots for each threshold class containing the experimentally 

derived results for the EBM printed parts which represents the distribution of overall porosity for each 

threshold bins for both PSD 45-150 µm and 38-180 µm. 
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The distribution of porosity across the defined 4-class thresholds is utilized to evaluate the impact of 

PSD on overall porosity levels and found a consistent trend across both LOF and Gas porosity data. 

When examining specific porosity types, as seen in Figure 38, the study found intriguing differences in 

the distribution of gas porosity for the two PSDs. While the range of gas porosity remained similar in 

both PSD 45-150µm and PSD 38-180 µm, a slight increase in gas porosity was observed in PSD 45-

150 µm, when going from the Excellent to the Failed class. Overall, the analysis reveals a consistent 

and overlapping porosity trend across the various thresholds. Interestingly, PSD 38-180 µm exhibits a 

slightly lower Gas porosity level compared to PSD 45-150 µm. This observation suggests that the 

powder feature for the wider PSD 38-180 µm range may contribute to mitigating variations in defect 

morphology and size, influencing the resulting porosity levels in Ti-48Al-2Cr-2Nb EBM-printed 

samples. 

A higher percentage of powder porosity in the feedstock for PSD 38-180 µm as seen in Section 2.3.6  

should theoretically present with a higher gas porosity level in PSD 38-180 µm as compared to PSD 

45-150 µm. The expected trend is not seen in the data as presented in Figure 38. This discrepancy can 

potentially may be attributed to data scarcity. Regardless, the characterization of gas porosity, with its 

random distribution and substantial overlap in porosity values across thresholds, underscored the 

inherent challenges in predicting and managing this type of porosity. The marginally higher gas 

porosity in PSD 45-150 µm may signal data limitations or a potentially higher presence of LOF pores 

in PSD 38-180 µm that are not adequately represented as gas pores, necessitating further investigation. 

In Figure 38, the LOF pore distribution for PSD 45-150 µm and 38-180 µm showcases a similar 

distribution regardless of the threshold levels, more so than the Gas pore distribution. Although, it 

appears PSD 45-150 µm presents a lower porosity limit in the distribution for all four thresholds, as 

compared to the PSD 38-180 µm. This trend is expected in this analysis considering PSD 45-150 µm 

is expected to have less LOF pore formation due to high flowability and packing density, which allows 

for a more consistent melt pool [25].  The difference in the gas pore distribution for the PSD 45-150 

µm and the 38-180 µm widens as the porosity level increases as seen in Figure 39. 

The study also showed that LOF porosity exhibited an exponential increase in porosity levels as 

thresholds shifted from 'Excellent' to 'Failed' as seen in Figure 39.  This highlighted the intricate 

dependence of overall porosity levels on process parameters, underscoring the importance of 

incorporating maximum tolerance within the defined thresholds to ensure a comprehensive evaluation 
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that accommodates the exponential shift in porosity levels. Inversely, the Gas pores increase slightly as 

the threshold moves from ‘Excellent’ to ‘Failed’, with majority of the porosity values overlapping 

across the threshold bins. This trend in Figure 39 points to the random distribution of the Gas pores that 

has a lesser degree of influence from the applied energy as compared to the LOF pores.   

 



 

 78 

 

Figure 38. Showcase different violin plots for each threshold class containing the experimentally 

derived results for the EBM-printed parts of each threshold bin for both PSD 45-150 µm and 38-180 

µm: (a) represents the distribution of the LOF porosity in each threshold bins; (b) represents the 

distribution of the Gas porosity in each threshold bins. 
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Figure 39. Showcase different violin plots for each threshold class containing the experimentally 

derived results for the EBM-printed parts for both PSD 45-150 µm and 38-180 µm: (a) represents the 

distribution of the LOF porosity in each threshold bins; (b) represents the distribution of the Gas 

porosity in each threshold bins. 
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It is crucial to delve deeper into these findings to explore how specific process parameters interact with 

each PSD to influence defect characteristics. For example, the energy density, scan speed, and powder 

layer thickness have been found to be critical parameters that determine the extent of energy applied to 

the powder bed [31,32]. The interaction between these parameters and powder size distribution can 

influence the resulting porosity levels and ultimately affect the mechanical properties of the final 

product [29,30]. 

Overall, the study suggested that PSD 38-180 µm emerged as a promising PSD range for optimization, 

showcasing high potential for achieving porosity levels below 0.2% [35]. This is particularly 

significant, as such low porosity levels can be effectively closed through Hot Isostatic Pressing (HIP), 

promising enhanced mechanical properties and heightened structural integrity in Ti-48Al-2Cr-2Nb 

samples produced through the EBM process [35,67]. Additionally, the PSD 38-180 µm can be more 

economically sustainable to utilize, as it utilizes a higher yield from the atomization process, without 

the need for further classification to narrow the PSD down to the typical 45-150 µm utilized in the EBM 

process. The study findings provide valuable insights into the complex relationships among process 

parameters, powder size distributions, and overall porosity levels and offer a path forward for 

optimizing the EBM process for producing Ti-48Al-2Cr-2Nb components with enhanced mechanical 

properties and structural integrity. 

 

4.3.1 Statistical analysis 

For this study, three regimes where defined to analyze the effect of process parameter on the resulting 

density for PSD 45-150 µm and 38-180 µm. The three regimes have different thresholds for the current 

and speed, where both variable increase as the regime moves from low, high and super-higher. Using 

this study, insights into the effect of current and speed can be inferred further. The statistical analysis 

utilizes a DOE for a full factorial design with 4 process parameter factors, 1 replicate parameter 

combination, and 3 medium process parameter values totaling to 19 runs under the DOE. The selected 

parameter range is as shown in Table 9, where the derived full factorial DOE is developed from this 

experimental design setup. The process parameters, designated as A (Focus Offset), B (Speed), C 

(Current), and D (Line Offset), are recognized as the defined experimental values in this study. To 

confirm the main data analysis, the statistical analysis software Minitab is utilized to establish the 
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relationships in the different regimes. For all statistical analysis, the Pareto chart and the Factorial plots 

are utilized to confirm the findings in this study.  

Table 9. Experimental design for the low, high, and super-high regime. 

Experimental Design Parameter 
Level of hatch process parameter 

Low Medium High 

Low Regime 

Focus offset (mA) 0 10 20 

Beam Speed (mm/s) 1000 1500 2000 

Beam current (mA) 7 8.5 10 

Line Offset (µm) 0.1 0.2 0.3 

High Regime 

Focus offset (mA) 0 10 20 

Beam Speed (mm/s) 2000 2500 3000 

Beam current (mA) 12 15 18 

Line Offset (µm) 0.1 0.2 0.3 

Super-High Regime 

Focus offset (mA) 0 10 20 

Beam Speed (mm/s) 3000 3500 4000 

Beam current (mA) 20 22.5 25 

Line Offset (µm) 0.1 0.2 0.3 

 

Low regime 

For the low regime runs, the DOE uses parameters as shown in Table 9; the results shown in Figure 40 

showcase the relationship between the 4 defined process parameters in the DOE and the performance 

based on the two PSDs when considering the bulk density, LOF, and gas pores as the performance 

criteria. The bulk density is considered in this study instead of the bulk porosity since both bulk features 

report the exact same pareto chart statistical analysis (considering bulk porosity and bulk density are 

complement of a percentage). Figure 40 is the pareto charts that represents the significant standardized 

effect for each parameter or combination of parameters. The Significance level for all the data is 

consistent at 0.05%, which when converted to standardized effect, the value is 4.30. Figure 40 a, b, and 

c represents the Density, total LOF pores size, and total Gas pores size relationships respectively. At 

the low regime, the selected process parameter has a larger effect on the Density and LOF pores for 

PSD 38-180 µm as compared to PSD 45-150 µm, which is expected since LOF and Density are heavily 

correlated according to the results in this experiment (Figure 35 and Figure 36) as well as the literature 
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findings. For both Density and LOF, the current and speed is identified as the highest influential process 

parameters. For the Gas pores, the standardized effect is significantly lower than the Density and LOF 

according to the reported axis in Figure 40, which is accurately represented based on the information 

reported by Tammas-Williams et al. [35], where the gas pores are presumed to be largely contributed 

from the feedstock porosity rather than from the process parameters [35]. However, based on Figure 

40, the current is considered to have the highest significance effect on the Gas pores, although the 

combination of a lot of the other parameters influence the Gas pore to a large degree. This relationship 

can be assumed to be developed from the effect of a higher input energy allowing for the porosity to 

escape during melting before full solidification [33,74]. Therefore, the change in current at the low 

regime range can still influence the gas pores.  
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Figure 40. Pareto chart representing the relationship between the process parameters (focus offset, 

speed, current, and line offset) and the resulting EBM printed samples for the low regime analysis, 

where the significant standardized effect (4.30) or a significance level of 0.05 for both PSD 45-150 

µm and 38-180 µm. a) The pareto chart for the relative density; b) The pareto chart representing the 

LOF porosity density; c) The pareto chart for the Gas porosity. 
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High regime 

For the High regime runs, the DOE parameters were as shown in Table 9; the results shown in Figure 

41 showcase the relationship between the pore defect outcomes and the four defined process parameters 

in the DOE and the PSDs utilized. Similar to the previous regime, Figure 41 displays the pareto charts 

that represents the significant standardized effect for each parameter or combination of parameters. The 

significance level for all the data is consistent at 0.05%, which when converted to standardized effect, 

the value is 4.30. Figure 41 a, b, and c represents the Density, total LOF pores size, and total Gas pores 

size relationships respectively. At the high regime, the selected process parameters have a larger effect 

on the Density and LOF pores for PSD 45-150 µm, when compared to PSD 38-180 µm. The 

standardized effect range for the parameters reduced for PSD 38-180 µm from the low regime to the 

high regime, while the opposite happened for PSD 45-150 µm. This means the process parameter at a 

lower regime for PSD 38-180 µm has a larger control on the Density and LOF porosity level developed 

in the EBM process. Meanwhile, for PSD 45-150 µm, the process parameters in the high regime range 

have a higher influence on the Density and LOF. 
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Figure 41. Pareto chart representing the relationship between the process parameters (focus offset, 

speed, current, and line offset) and the resulting EBM printed samples for the high regime analysis, 

where the significant standardized effect (4.30) or a significance level of 0.05 for both PSD 45-150 

µm and 38-180 µm. a) The pareto chart for the relative density; b) The pareto chart representing the 

LOF porosity density; c) The pareto chart for the Gas porosity. 
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The LOF and Density are heavily correlated according to the results in this experiment (Figure 37 and 

Figure 38) as well as the literature findings. In PSD 45-150 µm, for both Density and LOF, the current 

and speed is identified as the highest influential process parameters. However, for PSD 38-180 µm the 

combination of Focus offset, Current, and Line Offset is considered the highest influencing parameter 

in the Density and LOF porosity.  For the wider PSD range, the reduction in influence, although small, 

can be attributed to the difference in size range. The difference in the powder morphology creates a 

reduction in flowability and packing density, which can influence the powder bed, and creates 

discrepancies in the melt pool during the EBM melting process; as such, an increased focus offset 

changes the effective beam spot diameter and results in a different distribution of energy spatially, 

which may assist in correcting such powder spread challenges.  

For the Gas pores, the standardized effect is significantly lower than the Density and LOF according to 

the reported axis in Figure 41, which is accurately represented due to the gas pores presumably being 

largely contributed from the feedstock porosity. However, based on Figure 41, various parameters are 

considered to have a significant enough effect on the Gas pores in PSD 45-150 µm, however, this is 

not the case in PSD 38-180 µm. For PSD 38-180 µm, the individual parameters are not significant in 

the Gas porosity change. Based on studies in Section 2.3.6, the porosity in PSD 38-180 µm powder 

particles is much larger in quantity as compared to the PSD 45-150 µm. Therefore, for PSD 38-180 

µm, the powder feature requires an interplay between multiple process parameters to influence the gas 

pores. 

 

Super-high regime 

For the Super-High regime runs, the DOE uses parameters as shown in Table 9; the results shown in 

Figure 42 showcase the relationship between the resulting pore defect metrics and the defined process 

parameters in the DOE and the PSDs. Similar to the previous regime, Figure 42 displays the Pareto 

charts that represents the significant standardized effect for each parameter, or combination of 

parameters. The significance level for all the data is consistent at 0.05%, which when converted to 

standardized effect, the value is 4.30. Figure 42 a, b, and c represents the density, total LOF pores size, 

and total Gas pores size relationships respectively. At the super-high regime, similar to the high regime, 

the selected process parameters have a larger effect on the density and LOF pores for PSD 45-150 µm, 

as compared to PSD 38-180 µm. For PSD 45-150 µm, there is a slight reduction in standardized effect 
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of the parameters from high to super-high regime, however, the process parameters in the super-high 

regime range still has a high influence on the Density and LOF. Meanwhile, the standardized effect 

range for the parameters is the lowest for PSD 38-180 µm in the super-high regime. Based on the 

statistical analysis, the process parameters resulting in a super-high regime for PSD 38-180 µm have 

the lowest control or influence on the density and LOF porosity level developed in the EBM process. 

The LOF and Density are heavily correlated according to the results in this experiment (Figure 37 and 

Figure 38) as well as the literature findings. In PSD 45-150 µm, the combination of ABD (Focus offset, 

Speed, and Line Offset) is considered the highest influencing parameter in the density and LOF 

porosity. AB (Focus Offset and Speed) combination is considered the most significant for the Density 

and LOF porosity in PSD 38-180 µm.  As the regime increases, the influence of other features in the 

EBM process can be considered as higher inputs to the density results. For example, powder 

morphology, layer thickness, and other beam features could have a higher effect on the density as the 

current and speed increases. 

For the gas pores, the super-high regime shows a different relationship between the pore features and 

the process parameters as compared to the previous regimes. Firstly, for PSD 45-150 µm, the significant 

parameter combination is the exact same as the highest effect in the Density and LOF. Therefore, at a 

higher regime, the overall Gas porosity has a much higher correlation to the LOF porosity to a certain 

degree when it comes to the process parameter combination.  

Additionally, in the super-high regime PSD 45-150 µm analysis, the standardized effect is slightly 

lowered as compared to the high regime which showcases the highest standardized effect in the entire 

study. This trend identifies a potential threshold in the combination of parameter regimes, where 

although a high regime is preferred when identifying the process parameter effects, once the regime 

gets too high, other features of the EBM process appear to influence the resulting density to a higher 

degree. 

In the super-high regime, the standardized effect for PSD 38-180 µm is significantly lower for the 

Density and LOF as compared to the low and high regime according to the reported axis in Figure 41. 

Additionally, based on the previous low and high regime trends in Figure 40 and Figure 41, various 

parameters are considered to have a significant enough effect on the Gas pores in PSD 45-150 µm, 

however, in the super-high regime, this is not the case in PSD 38-180 µm. For PSD 38-180 µm, the 

parameters are not significant in the Gas porosity change. This trends hypothesis a potential threshold 
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for the evaporation of the Gas pores right before solidification when it comes to the applied energy 

[33,74]. The high regime reports an overall high VED (ranging from 13.33 – 60) and an even higher 

NE (ranging from 9..93 – 17.25) amongst all the regimes. Meanwhile, both the low and super-high 

regime has a NE range 6.7 – 12.75 and 8.26 – 11.93 respectively and VED range 11.11 – 55.56 and 

7.78 – 66.67 respectively. This trend is presumed to be accurately represented due to the presence of 

gas pores largely contributed from the feedstock porosity appearing in the super-high regime at a lower 

percentage [35]. The porosity in PSD 38-180 µm powder particles is significantly larger in quantity as 

compared to the PSD 45-150 µm based on the analysis in Section 2.3.6. Therefore, the powder feature 

has a larger effect on the gas pores as compared to the process parameter for PSD 38-180 µm. 
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Figure 42. Pareto chart representing the relationship between the process parameters (focus offset, 

speed, current, and line offset) and the resulting EBM printed samples for the super-high regime 

analysis, where the significant standardized effect (4.30) or a significance level of 0.05 for both PSD 

45-150 µm and 38-180 µm. a) The pareto chart for the relative density; b) The pareto chart 

representing the LOF porosity density; c) The pareto chart for the Gas porosity. 
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4.3.2 Further analysis 

Based on the analysis of the Pareto charts, for PSD 38-180 µm, the range of parameters that heavily 

influence the density results is in the low regime range. For PSD 45-150 µm, the optimal parameter 

range that can control the resulting density is around the high regime. However, this relationship does 

not directly inform that these regimes identified are the ranges expected to produces the best density 

result, since there are other features that can affect the results. The analysis does provide the range 

that is potentially more reliable and consistent in achieving a specified density results when using the 

defined parameters in this study (focus offset, speed, current, and line offset) as the driving features 

for density analysis. 

As seen in Figure 43 and Figure 44, the regime with the most consistent average density across the 

experimental designs actually falls in the super-high regime. As the regime moves from low to high, 

there is less influence from the process parameter in changing the density results. PSD 45-150 µm 

predicts a lower density for the super-high regime, however, achieving a very high density is possible 

in the other two regimes (low and high regime) depending on the process parameter combination. 

However, PSD 38-180 µm predicts a higher density across the experiment for the super-high regime, 

and the other two regimes depict a wider variety in the resulting density values. 
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Figure 43. The main effect plots for the relative density in the low, high, and super-high regime for 

PSD 45-150 µm. 
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Figure 44. The main effect plots for the relative density in the low, high, and super-high regime for 

PSD 38-180 µm. 

Response optimizer 

The Response Optimizer is a sophisticated tool that adds value to the analysis by identifying the 

best combinations of input variable or process parameter settings in the EBM process which provides 

the best surface roughness feature values also improving specific responses. In this particular case, 

the goal is to simultaneously forecast the maximum bulk density and minimize the LOF pores. The 

gas pores are not included in this optimizer due to the random nature of the gas pore formation. 
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Minitab software uses advanced techniques to predict responses and pinpoint the optimal parameter 

settings required to achieve these desired outcomes, based on the bounds of the original experiment 

(low regime, high regime and super-high regime). Table 10 reports the process parameter and 

forecasted maximum density for each regime in this study. 

Table 10. The forecasted optimized density and LOF pore voxel count for the low regime, high 

regime, and super-high regime. 

 Experimental Design 
Focus 

Offset 
Speed Current 

Line 

Offset 

Bulk 

Density % 

LOF 

(voxel 

count) 

PSD 45-

150 µm 

Low Regime 0 1000 10 0.1 99.951 24935 

High Regime 20 2000 18 0.3 99.9433 72832 

Super-High Regime 0 3000 25 0.1 99.8831 277541 

PSD 38-

180 µm 

Low Regime 20 1000 10 0.1 99.9314 29463 

High Regime 0 3000 12 0.3 99.893 123661 

Super-High Regime 0 4000 25 0.3 99.9486 104988 

 

Based on the resulting Density and LOF pore voxel count values and their corresponding process 

parameters, the trend across the experiment is identified. The overall trend for the process parameter 

for PSD 45-150 µm across all the regime is to have a high applied energy (slow speed and high current) 

for the defined ranges of all the parameters specified (Focus offset, speed, current, and line offset). 

However, the recommended input process parameter is not consistent in the applied energy 

recommendation, for example low regime recommends slow speed and high current, high regime 

recommends high speed and low current, and the super-high regime recommends high speed and high 

current. This parameter combination alludes to the hypothesis that the higher PSD powder feedstock 

has other parameters like the powder features (morphology, flowability, spreading behavior) that 

influence the density result to a larger degree than the process parameter. Table 11 showcases the 

applied energy representation for the selected optimized process parameters. 
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Table 11. The energy representation for the VED and NE for the forecasted optimized process 

parameter reported for each PSD and experimental regime. 

 Experimental Design 
Volumetric Energy Density 

(J/mm3) 
Normalized Enthalpy 

PSD 45-

150 µm 

Low Regime 66.666667 12.753302 

High Regime 20 17.25035 

Super-High Regime 55.555556 11.925083 

PSD 38-

180 µm 

Low Regime 66.666667 13.553155 

High Regime 8.8888889 8.8357469 

Super-High Regime 13.888889 10.327425 
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Chapter 5 

Surface Roughness Analysis 

5.1 Introduction 

This study aims to deploy a statistical design of experiments approach to establish the relationship 

between process inputs such as powder properties (powder size distribution) and process parameters 

(speed, current, focus offset, number of contours, and layer thickness), and the resulting surface quality 

outcomes (SA, SPC, STR). Various hypotheses were tested to identify the relationship between the 

surface roughness and the EBM process inputs. This structured experimental investigation, provides 

the basis for understanding trends towards surface roughness optimization for different powder size 

distributions.  

5.2 Materials and methods 

This study was conducted by experimentally printing 114 samples via EBM (Arcam A2X, GE Additive, 

Boston, USA), produced using Ti-48Al-2Cr-2Nb powder particles. The contour printing parameters 

were varied to conduct the study and optimization, while the bulk (core) printing parameters were kept 

constant to reduce data inference and bias caused by the core printing conditions. Out of the 114 cubic 

samples printed, half of the samples were printed using the 45-150 µm PSD and the other 38-180 µm, 

where the printing conditions were identical for each powder batch. Details on powder properties for 

these two powder material systems are described in Section 2.3. Of note, the powder size distribution 

and sphericity are of relevance to the discussions captured in this study. The printing conditions defined 

for this study were developed using a statistical design of experiment (DOE) approach via factorial 

design. A factorial design allows for the study of effects of several factors or process parameters on a 

response. When conducting an experiment, varying the levels of all the process parameters or factors 

allows for the detailed study of interactions between the parameters.  
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Figure 45. Image of the side surface for the Ti-48Al-2Cr-2Nb EBM-printed samples in this 

experiment. 

Surface roughness is one of the part quality outcomes that is dependent on the EBM parameters selected 

at the periphery of the sample. The process parameters that are varied in this study, for each of the 

powders, are the focus offset, number of contours, contour scanning speed, and the contour beam 

current. This study looks to observe the extent of influence that different combinations of parameters 

has on the side surface roughness as seen in Figure 45, therefore three factorial designs were created 

based on different hypotheses. The first set of runs was designed based on a commonly prescribed range 

of parameters, were the aim was to observe the overall effect the selection of parameter values has on 

the surface roughness. The second run considered the hypothesis that a smaller layer thickness improves 

the quality of the surface roughness response. In the second run, the process parameters were kept as 

identical to the first run, while the layer thickness was changed to 70 µm. The third run considered a 

hypothesis to observe the effect of a sharper and slower electron beam on the surface roughness 

parameters. The beam current was increased, the focus offset and the beam speed were reduced in 

comparison to the first and second run to achieve the slower and faster electron beam feature. As for 

the layer thickness, the value was increased back to the base run 1 value of 90 µm to keep a consistent 

analysis and reduce other confounding factors when defining the relationship of other process 

parameters like the current, speed, focus offset and number of contours). 

The three experimental runs were identical for both 45-150 µm and 38-180 µm design and all the 

parameters applied to the surface for each experimental run are shown in Table 12 below. The core 
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parameters are focus offset, current, layer thickness, speed, and number of contours. The preheating 

theme was set prior to the printing process. Before printing the samples, the first layer of powder and 

the build plate were preheated to 970°C, the accelerating voltage was set to 60V, and the fabrication 

chamber pressure reached 2 × 10−3 mbar. The study focused on surface roughness of vertical surfaces; 

as such, cuboid samples of dimensions 20 mm x 20mm x 25 mm were manufactured using the process 

parameters described. 

Table 12. Identical experimental design for both PSD 45-150 µm and PSD 38-180 µm in this study. 

Experimental Design Parameter 

Level of contour parameter Layer 

Thickness 

(µm) Low Medium High 

Run 1 – Base Experiment 

Beam current (mA) 4 6 8 

90 
Focus offset (mA) 5 10 20 

Beam Velocity (mm/s) 200 450 700 

Number of contours 1 2 4 

Run 2 – Layer Thickness 

Experiment 

Beam current (mA) 4 6 8 

70 
Focus offset (mA) 5 10 20 

Beam Velocity (mm/s) 200 450 700 

Number of contours 1 2 4 

Run 3 – Slower Sharper 

Experiment 

Beam current (mA) 5 7.5 10 

90 
focus offset (mA) 0 5 10 

Beam Velocity (mm/s) 200 300 400 

Number of contours 1 2 3 

 

5.2.1 Sample characterization methodologies 

All the samples printed in this study were cleaned post-EBM printing to remove as much loose powder 

from the surface. The cleaning process was applied for all the samples to maintain consistent surface 

results. Firstly, the coupons were air blasted in a powder recovery system (ArcamEBM, GE Additive) 

and lightly brushed, followed sonication in water for 30 minutes. The samples were then analyzed to 

complete the data collection. To analyze the surface topology, surface roughness was measured for 

each sample using a profilometer (Keyence, VK-X250). Data was collected from two sides of the 

cuboid-shaped samples with the scanning surface area approximately 2mm by 2mm, at a resolution of 

10X with a z-pitch of 2 µm. To achieve the specified scan size a stitch measurement was done to enlarge 
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the surface area of interest. The side surface is the area of interest in this study as seen in Figure 46. 

The front and left side of each sample were analyzed using the profilometer, which the orientation (left, 

front, right and back) was defined based on the position of each sample in the EBM printing chamber. 

The side surface closest to the from of the chamber entrance was defined as the front, and all the other 

orientation was dependent on this alignment. Every profilometry scan was set at an approximate 

midpoint of the intended surface. Additionally, the top surface measurements were taken but is out of 

scope for this comparison study. 

 

Figure 46. Schematic of printed samples and the surface roughness scanning location. 

The profilometer was used to measure the topology structure of all the samples and the compiles various 

information on the surface. There are many features and categories that classify the surface topology, 

such as the height, special, hybrid, functional and feature parameters. Each of these categories have a 

list of parameters that represent each category. For this study, three parameters are selected to identify 

and represent the surface roughness results. These parameters are aspect mean height (SA) categorized 

under the height parameter, which focuses on the displacement of the measured surface. Followed by 

the texture aspect ratio (STR) categorized under the spatial parameter, which reports on the direction 

of the peaks or wavelength direction on the surface plane. And lastly, arithmetic mean peak curvature 

(SPC) categorized under the feature parameter, which represents the segmented area different from the 

scale-limited surface that focuses on the features of the peaks and valleys.  
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Arithmetic mean height (SA):  SA a height parameter that is an absolute value representing the mean 

height of the measured surface area and is often defined as an extension of the RA measurement[79,80]. 

In this case RA refers to the arithmetical mean height of a line. During the profilometry scan, the 

average height of all the peaks and valleys are compiled and averaged out to represent the SA value. 

Figure 47 showcases an example of the calculation for the SA. Equation 10) represent the SA 

calculation where A represents the number of peaks and valleys, while the integral calculates the height 

based on the x-y-z coordinate system. For this study, a smaller SA value represents a better and more 

desirable quality surface for post processing and potentially better mechanical properties 

 𝑺𝑨 =  
𝟏

𝑨
∬ |𝒁(𝒙, 𝒚)|𝒅𝒙 𝒅𝒚

 

𝑨
 [80]       (10) 

Texture aspect ratio (STR): STR is a scale measure of uniformity of surface texture with values 

ranging from 0-1 [80]. Values closer to 0 represents a more uniform/repeated surface, which can be 

interpreted as effects predominantly stemming from layering effects; these features can lead to reduced 

failure life and cracking. A higher STR value closer to 1 represents a more random distribution of 

surface peaks be interpreted as more stochastic powder adherence effects and are often more desirable 

due to a reduced chance of cracking incident formed with a more randomly patterned surface. Equation 

11 and 12) indicates how to calculate the STR based on the surface spatial values. 

𝑺𝑻𝑹 =  
𝐦𝐢𝐧

𝒕𝒙,𝒕𝒚∈𝑹
√𝒕𝒙

𝟐+𝒕𝒚
𝟐

𝐦𝐚𝐱
𝒕𝒙,𝒕𝒚∈𝑹

√𝒕𝒙
𝟐+𝒕𝒚

𝟐
 𝒘𝒉𝒆𝒓𝒆  

𝑹 = {(𝒕𝒙, 𝒕𝒚): 𝒇𝑨𝑪𝑭(𝒕𝒙, 𝒕𝒚) ≤ 𝒔}

𝑸 = {(𝒕𝒙, 𝒕𝒚): 𝒇𝑨𝑪𝑭(𝒕𝒙, 𝒕𝒚) ≥ 𝒔 𝒂𝒏𝒅 ∗∗}
 [80] (11) 

** is the property where 𝑓𝐴𝐶𝐹 ≥ 𝑠 connects with (𝑡𝑥 , 𝑡𝑦) on a straight line to the origin. 

𝒇𝑨𝑪𝑭(𝒕𝒙, 𝒕𝒚) =  
∬ 𝒛(𝒙,𝒚)𝒛(𝒙−𝒕𝒙,𝒚−𝒕𝒚) 𝒅𝒙 𝒅𝒚

 

𝑨

∬ 𝒛(𝒙,𝒚)𝒛(𝒙,𝒚) 𝒅𝒙 𝒅𝒚
 

𝑨

 [80]     (12) 

Arithmetic mean peak curvature (SPC): SPC represents the arithmetic mean of the principal 

curvature of the peaks on the surface [79]. A larger SPC value represents a wider surface peak and is 

usually not the preferred, as it increases the overall dimensional deviation of the components [79,80]. 

Equation 13) defines the equation needed to calculate SPC, where the dimensions and locations of each 

point in the measured surface is defined by the x-y-z coordinate. 

𝑺𝑷𝑪 =  −
𝟏

𝟐
 
𝟏

𝒏
 ∑ (

𝝏𝟐𝒁(𝒙,𝒚)

𝝏𝒙𝟐
𝒏
𝒌=𝟏 +

𝝏𝟐𝒁(𝒙,𝒚)

𝝏𝒚𝟐 ) [79,80]     (13) 
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Figure 47. Schematic images of the three surface roughness parameters and their derived calculation; 

a) SA; b) STR; c) SPC. [80] 

5.3 Results and discussion 

The surface roughness analysis is conducted to identify the effect of varying process parameters and 

powder features like PSD on the resulting surface roughness parameter (SA, STR, and SPC). 

5.3.1 Powder characteristics  

The powder size distribution plot and the powder sphericity for the two powder types is captured in 

Figure 48 a and b respectively. These datasets illustrate the maximum range of SA and SPC expected 

as a contribution of direct powder particle adherence. The D10, D50 and D90 of the powders are as 

seen in table 2, where SA values reported to be below the D50 shows a relatively good result in 

regard to the PSD. If the SA values is below D10, the surface quality is said to be optimized to a 

really high quality and the reported SA is seen as an excellent result. Additionally, the effect of the 

PSD D10, D50, and D90 can inform on the formation of the peaks for the SPC analysis in this study. 

Table 13. The specific powder size of the PSD 45-150 µm and 38-180 µm for D10, D50 and D90. 

PSD D10 (µm) D50 (µm) D90 (µm) 

PSD 45-150 µm 56.94 80.12 131.14 

PSD 38-180 µm 46.34 81.17 161.68 
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Figure 48. Powder representative graphs for both PSD 45-150 µm and 38-180 µm; a) The PSD 

distribution and; b) the sphericity for the PSD distribution. 

 

 



 

 102 

5.3.2 General observations 

Preliminary data distribution analysis  

Preliminary data visualization is aimed at understanding the relationship between input parameters and 

resulting surface roughness. The data visualization in Figures 4, 5, & 6 shows the distribution for each 

run of all PSD samples (PSD 45-150 µm & 38-180 µm) where the responses Arithmetic Mean Height 

(SA), Texture aspect ratio (STR), and Arithmetic mean peak curvature (SPC) are presented as the 

surface roughness features. The hypotheses for each run are evaluated where the effect of changing the 

layer thickness and the beam factors are confirmed, and the comparison between the PSD 45-150 µm 

and PSD 38-180 µm is defined. The best surface roughness values for SA, STR, and SPC as shown in 

the table 2 below. A lower SA and SPC value and a higher STR value is preferred based on the 

definitions and explanations in Section 5.2.1. Overall, the experimental plan resulted in the lowest range 

for 𝑆𝐴 ∈  [39.41 –  43.27] µm for PSD 45-150 µm and the lowest range for  𝑆𝐴 ∈  [45.09 –  49.64] 

µm for PSD 38-180 µm. For this experimental study, one of the target surface roughness goals when 

optimizing the surface roughness is to achieve a SA value below the D50 and as close to the D10 as 

possible (PSD 45-150 µm: [D10 = 56.94, D50 = 80.12], and 38-180 µm: [ D10 = 46.34, D50 = 81.17]).  

Surface roughness in EBM is generally much higher than for other additive manufacturing (AM) 

technologies [22]. The surface roughness of titanium aluminide varies depending on the percentage of 

Aluminum and other deposit metals in the structure. For materials such as Ti6Al4V processed via EBM, 

the side surface roughness is usually ranging from 30-130 µm, where an optimized process produces 

results in surface roughness as low as 20 µm [81]. The Ti6Al4V surface roughness is expected to be 

different than the Ti-48Al-2Cr-2Nb material. Generally, Ti-48Al-2Cr-2Nb produces much higher 

surface roughness values; for example, Demirtas et al. [82] reported the as-build side surface roughness 

to be approximately 60.3 µm [82]. Even with a refinement of process parameters based on the literature 

findings, the SA or RA value is roughly around the 60 µm range [82]. A feasibility study was conducted 

prior to this experiment to confirm the literature claims and based on a preliminary surface roughness 

analysis using an initial screening with PSD 45-150 µm for 9 EBM-printed Ti-48Al-2Cr-2Nb samples, 

with three measurements (left, center, and right) collected for each side surface. The average SA value 

was determined to be within a range of 54-136 µm as seen in  

Table 14 below. 
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Table 14. Feasibility study to define the SA range for Ti-48Al-2Cr-2Nb printed in the EBM system. 

TiAl - Side Surface 

Sample 
Surface Roughness, Sa (µm) 

Left Center Right 

1 270.69 62.00 165.85 

2 185.43 76.69 205.71 

3 224.45 50.61 191.11 

4 240.18 51.98 255.31 

5 195.31 55.15 180.83 

6 252.72 62.13 244.36 

7 150.46 60.69 167.01 

8 170.68 71.63 215.89 

9 137.52 59.62 257.21 
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Table 15. Showcases the process parameter that results in the best surface roughness (SA, STR, and 

SPC) for each experimental run hypothesis, with the corresponding best surface roughness and the 

reported worst surface roughness (SA, STR, and SPC). 

Surface 

Roughn

ess 

Feature 

Run Type PSD Sample no 
Speed 

(mm/s) 

Focus 

Offset 

(mA) 

No of 

Contou

rs 

Curre

nt 

(mA) 

Best 

Surface 

roughnes

s value 

Worst 

Surface 

roughnes

s value 

SA 

(µm) 

Run 1: 

Base 

45-150 µm 
Sample 6 

(front) 
200 5 4 8 43.27 127.2 

38-180 µm 
Sample 1 

(front) 
450 12.5 2 6 49.64 109.76 

Run 2: 

Layer 

Thickness 

45-150 µm 
Sample 6 

(front) 
200 5 4 8 39.41 99.25 

38-180 µm 
Sample 8 

(left) 
700 5 4 4 48.64 98.64 

Run 3: 

Slower & 

Sharper 

45-150 µm 
Sample 6 

(front) 
200 5 4 8 43.02 85.83 

38-180 µm 
Sample 9 

(left) 
450 12.5 2 6 45.09 108.02 

STR () 

Run 1: 

Base 

45-150 µm 
Sample 3 

(left) 
700 20 4 8 0.6982 0.1317 

38-180 µm 
Sample 16 

(front) 
200 20 1 8 0.8126 0.0954 

Run 2: 

Layer 

Thickness 

45-150 µm 
Sample 18 

(left) 
700 5 1 4 0.6581 0.1072 

38-180 µm 
Sample 16 

(front) 
200 20 1 8 0.7097 0.1094 

Run 3: 

Slower & 

Sharper 

45-150 µm 
Sample 8 

(front) 
300 5 2 7.5 0.6925 0.0984 

38-180 µm 
Sample 12 

(front) 
400 10 1 5 0.6711 0.1171 

SPC 

(1/mm) 

Run 1: 

Base 

45-150 µm 
Sample 13 

(front) 
700 20 4 4 2689.12 3956.04 

38-180 µm 
Sample 1 

(front) 
450 12.5 2 6 2344.20 3974.69 

Run 2: 

Layer 

Thickness 

45-150 µm 
Sample 7 

(left) 
200 5 1 4 2507.61 4084.31 

38-180 µm 
Sample 1 

(front) 
450 12.5 2 6 2453.61 4120.85 

Run 3: 

Slower & 

Sharper 

45-150 µm 
Sample 9 

(front) 
400 10 3 5 2404.03 3941.63 

38-180 µm 
Sample 8 

(front) 
300 5 2 7.5 2522.01 3983.59 
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Arithmetic mean height (SA) 

The SA value is a commonly used surface roughness features employed to describe the surface 

outcomes for powder bed metal AM processes.  

For this study, a bulk comparison between the SA quality outcomes based on the PSD and the 

experimental run (process parameter combinations) is captured. As seen in Figure 49, the narrower 

PSD range results in a slightly lower SA value based on the violin plot distributions of the surface 

roughness results. This comparison is consistent for all the experimental runs. Additionally, when 

comparing the experimental runs, the best reported SA values is 39 µm obtained from Run 2 PSD 45-

150 µm. Run 2 analyzes the lower layer thickness hypothesis, which is expected to result in a low SA 

value [44], which is consistent for both PSD 45-150 µm and 38-180 µm. Run 1 shows the widest SA 

distribution width and Run 3 shows a smaller SA distribution width. Figure 49 also showcases the SA 

performance when compared to SA values, as reported in literature [44]. it can be seen that the datasets 

presented in this study outperformed the reported values in literature for both PSDs [82]. What is 

important to note is that the process parameters and layer thickness in Run 2 dampened completely the 

effects of PSD on the resulting outcomes, illustrating that there is promise in using the broader PSD 

range (38-180 µm) to obtain results similar to the narrower PSD range (45-150 µm). Regarding the 

literature review, there are a few studies analyzing the surface roughness using simulation approaches 

for laser powder-bed fusion (LPBF) [54]. Also, regarding experimental analysis, there have not been a 

lot of studies on the effect of PSD on AM surface quality outcomes. The few studies that are available 

typically inform on the LPBF technology for example Zhao Y et al. [54,83] conducted a study to review 

the effect of a lognormal distribution change that is used to define different ranges of PSD starting from 

10% - 70% range with a 10% increment. Zhao Y et al. [54] states that as PSD range or layer thickness 

increases, so does the roughness of the bed surface [54]. Due to the increased number of potential 

combinations of particle arrangement for a wider range of particle sizes, the broader PSDs result in 

bigger fluctuations of surface roughness and solid volume fraction [54]. Our current study in EBM 

agrees with these general trends as well. 
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Figure 49. Violin plots showcasing the SA distribution for all the experimental analysis; a)The overal 

distribution; b) the distribution of SA results are overlayed to identify the change in values for the 

powder size distribution and the experimental runs. The blue dotted line indicates the best performing 

surface roughness for this material, as reported in the literature [82] and the black dotted line indicates 

the best surface roughness (SA) for Ti-48Al-2Cr-2Nb  material in this experiment. 

 

Texture aspect ratio (STR) 

To the best of the author’s knowledge, this is the first study describing the STR parameter in the context 

of PSD for EBM surface roughness. The STR value is another surface roughness feature that appears 

to influence the mechanical properties of printed parts. This is primarily due to the effect of having a 

uniform or random distribution of peaks on a surface. A more uniform peak is said to create larger 

stress points in the divots on the surface of the printed samples where failure can easily propagate 

through the uniform alignment of peaks. However, the randomized distribution does not have a surface 
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topology that allows for easy propagation of failure due to the random peak placement. Therefore, the 

STR value is an important feature that gives insight the potential mechanical behaviour of the observed 

object. 

In this study, a bulk comparison between the STR quality outcomes based on the PSD and the 

experimental run (process parameter combinations) is captured. As seen in Figure 50, The highest 

obtained STR is 0.81 which fall under the PSD 38-180 µm for Run 1, which analysis the base parameter 

hypothesis. Overall, the 45-150 µm PSD range results in a slightly narrower STR distribution range for 

all three runs in this experiment. Slightly higher STR values are preferred, to reduce the repeated 

patterned layer effects and result in a more randomly-distributed surface. Additionally, when comparing 

the experimental runs, Run 1 and 2 which analysis the base parameter and lower layer thickness 

hypothesis respectively, the STR distribution are comparable with similar behaviours for the PSD. Run 

1 and 2 provide the highest STR value distribution, which is consistent for both PSD 45-150 µm and 

38-180 µm. As seen in the previous SA analysis, Run 2 shows a lower SA and high STR overall, 

therefore is seen as the better strategy when overlooking all three-hypothesis defined for this study. For 

Run 2, PSD 38-180 µm has a slightly higher STR value as compared to the 45-150 µm. Overall, Run 2 

showcases the best result, however, base on the STR only, there is not a large discrepancy between the 

base process parameter combination and having a lower layer thickness.  
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Figure 50. Violin plots showcasing the STR distribution for all the experimental analysis; a)The 

overall STR distribution; b) The distribution of STR results are overlayed to identify the change in 

values for the powder size distribution and the experimental runs. The dotted line indicates the the 

best surface roughness (STR) for Ti-48Al-2Cr-2Nb material in this experiment. 
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Arithmetic mean peak curvature (SPC) 

To the best of the author’s knowledge, this is the first study describing the SPC parameter for EBM 

surface roughness. The SPC is a surface roughness feature that influences the geometric fidelity of 

printed parts. This feature primarily describes the size (volume) of the peaks created during the EBM 

process.  For this surface roughness feature, a high SPC value represents larger and wider peaks on the 

surface analyzed. A large SPC results in a large “bump” in the surface, creating a deviation from the 

ideal geometry, when compared to the expected geometry. Therefore, a smaller SPC is preferred to 

reduce the overall geometric deviations. 

In this present study, comparison between the SPC quality outcomes based on the PSD and the 

experimental run (process parameter combinations) is captured. As seen in Figure 51, Run 2 showcases 

the best SPC result in the experiment at 1980 1/mm for the PSD 45-150 µm.  Run 1 and 2 experiment 

showcases a similar distribution between the PSD 45-150 µm and 38-180 µm. For Run 3, however, 

there is a difference between the distribution witnessed for PSD 45-150 µm and 38-180 µm. The PSD 

45-150 µm in run 3 has a lower distribution as compared to the 38-180 µm for the run 3 experiment. 

This difference is SPC distribution width is the largest for the run3 experiment which looks at 

investigating a smaller and sharper electron beam. Generally, PSD 45-150 µm has the widest SPC 

distribution width as seen in Figure 51 as compared to 38-180 µm, and the SPC average over the entire 

experiment is lowest in PSD 45-150 µm. 
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Figure 51. Violin plots showcasing the SPC distribution for all the experimental analysis; a)The 

overall SPC distribution; b) The distribution of SPC results overlayed to identify the change in values 

for the powder size distribution and the experimental runs. the black dotted line indicates the best 

surface roughness (SPC) for Ti-48Al-2Cr-2Nb material in this experiment. 

 

5.3.3 Statistical analysis  

The present study includes a comprehensive statistical analysis of the experimental data, covering PSD 

ranges of 45-150 µm and 38-180 µm, using Minitab software. With the help of this powerful statistical 

analysis tool, the study was able to shed light on the significant factors influencing the EBM process. 

The data analyzed in this study was designed through a Design of Experiments (DOE) framework, 

using a full factorial design. Based on a preliminary outlook into the statistical analysis of the resulting 

surface roughness values, there is a random pattern in residuals which affirms the robustness of the 
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statistical analysis. Therefore, using the full-factorial design is optimal and the study validated the 

unbiased nature of the data. 

 The study aimed to identify the key process parameters contributing to variability in the surface 

roughness response and to confirm the statistically significant effects of these process parameters on 

the surface roughness features. Additionally, the optimized response for each DOE and the impact of 

particle size distribution (PSD) on the resulting surface roughness is established. Minitab software 

develops a systematic DOE approach and provides a robust foundation for drawing meaningful insights 

into the relationships governing the EBM process variables and their effects on the final product's 

surface quality. The main areas of focus behind the statistical analysis are summarized below: 

• Determine which factors contribute the most to the variability in the response 

• Determine which factors have statistically significant effects on the response 

• Determine the optimized response based on each DOE 

• Determine the effect of PSD on the resulting surface roughness 

The analysis of contour parameters in conjunction with PSD variations provides valuable insights into 

the intricate interactions between the EBM process parameters and PSD, and the impact on SA values. 

The contour process parameters, designated as A (focus offset), B (Speed), C (current), and D (number 

of contours), are the defined experimental values in this study. The PSD was considered to be an 

additional factor. It is imperative to emphasize that the significance of each factor corresponds to the 

degree of influence the contour parameter exerts on the SA value. 

 

Pareto Chart Analysis – Overview 

The process parameters observed and defined for the experimental analysis are: current, speed, number 

of contours and focus offset. Utilizing the full factorial analysis, statistical analysis was conducted. The 

Pareto chart is one of the resulting analysis complied for this study to showcase the statistical 

relationship between the process parameters and the surface roughness features. The Pareto chart shows 

the absolute values of the standardized effects from the largest effect to the smallest effect on the 

average surface roughness quality descriptors SA, STR, and SPC. The chart also plots a reference line 

to indicate which effects are statistically significant. The higher the significance of each factor, the 
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more the contour parameter affects the target surface roughness quality outcome value. For this 

experimental study, the critical standardized effect for all the analysis in this study is 4.303, which is 

equivalent to the significance level often denoted by α of 0.05, which translates to a 95 % confidence 

rate for the statistical predication made. The Pareto chart displays the absolute value of the effects; 

therefore, the degree of influence can be determined. Of note, a negative or positive relationship to the 

parameters cannot be determined using the Pareto analysis alone. 

Pareto chart analysis – arithmetic mean height (SA) 

The arithmetic mean height (SA) is a feature of Surface roughness that identifies the mean value of the 

peaks formed on the surface of the EBM-printed samples. SA is denoted as an absolute value 

representing the mean height of a specified measured surface area. During the profilometry scan, the 

difference in all the height of each surface peak achieve the arithmetical mean of the surface. Therefore, 

SA is identified as an important feature of the surface roughness, since it directly informs the peak and 

valley heights of the measured surface [50]. Further analysis is needed; therefore, the Pareto chart 

investigation for SA on all the experimental runs are defined in Figure 52. 
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Figure 52. The Pareto Chart derived for all the SA experimental analysis for both PSD 45-150 µm 

and 38-180 µm; a) Run 1 base experiment; b) Run 2 layer thickness experiment; c) slower and 

sharper beam experiment.  
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Comparing the influence of PSD on SA values, a distinctive pattern emerges. For PSD 45-150 µm, 

contour parameters exhibit substantial influence on the SA values. Therefore, the resulting SA values 

are dependent on the specific contour parameters selected. Conversely, for PSD 38-180 µm, the contour 

parameters are not as significant when comparing the standardized effect of both PSDs. There are other 

features of the powder and the EBM process that play a larger role in the SA value formed in the 

experiment for the wider PSD range (PSD 38-180 µm). The powder morphology emerges as a dominant 

factor, overshadowing the influence of contour parameters on SA values, as we see a much smaller 

standardized effect for all the contour parameters. 

In-depth analysis of specific runs provides further details to these observations. In Run 1, where base 

parameters were applied, the focus offset (A) was identified as the most influential factor on SA values, 

underscoring its critical role in shaping surface roughness outcomes. Run 2, incorporating variations in 

layer thickness, highlighted the heightened influence of focus offset and the number of contours on SA 

values. Notably, a lower layer thickness was found to mitigate the influence of PSD, emphasizing the 

enduring significance of process parameters irrespective of PSD variations. This is an important 

finding, as this underscores that, with the correct selection of layer thickness and process parameters, 

the two powders can have a comparable surface roughness performance, with similar trends in 

importance of factors A and D.  

In the context of Run 3, characterized by slower and sharper conditions, the number of contours 

emerged as the most significant parameter affecting the SA result. Notably, as the electron beam 

stability increased, the impact of selected parameters on SA values decreased, indicating a nuanced 

relationship between beam stability and parameter influence. These findings contribute to a 

comprehensive understanding of how specific contour parameters, PSD variations, and overall process 

conditions collectively shape the surface characteristics in the EBM process, enriching our insights into 

the intricacies of this additive manufacturing technique. 

Pareto chart analysis – texture aspect ratio (STR) 

The texture aspect ratio (STR) is another feature of surface roughness that identifies the uniformity of 

the peaks formed on the surface of the EBM-printed samples. A more uniform peak location distribution 

is denoted with values closer to 1. Generally, for the EBM printed samples, the surface peaks and 

valleys showcase a pattern parallel to the build direction as seen in Figure 45. To achieve the best 

mechanical properties, a more random distribution of peaks at the surface is preferred, as it is indicative 
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of uniform boding of layers at the contours. Stress formation on the surface of the EBM sample are 

more likely to exist in the divots of a more uniform pattern, meanwhile a random peak distribution 

reduces the chances of stress buildup on the surface that can lead to surface cracking. Based on the 

resulting STR values from the experimental analysis, the Pareto chart analysis for STR on all the 

experimental runs are defined in Figure 53. The PSD 45-150 µm and 38-180 µm have a different 

analysis result. 

For PSD 45-150 µm, the overall standardized effect for the contour parameters are smaller that the PSD 

38-180 µm in each equivalent run experiment. Therefore, the process parameters in the PSD 38-180 

µm affect the STR results to a larger degree, as compared to PSD 45-150 µm. The hypothetical reason 

for this is due to the morphology of the feedstocks. For PSD 45-150 µm, the powder distribution is 

smaller than the PSD 38-180 µm feedstock and this uniformity in the powder can more directly be 

translated to the resulting STR since there isn’t as large of a change in powder size. Inversely, the PSD 

38-180 µm, which is a wider powder size contains larger powder particles which can create a more 

random peak formation due to random placement as the powder is spread on the powder-bed. This 

occurrence can also be highlighted in the results identified in the Run 2 experiment for both 45-150 µm 

and 38-180 µm. This experiment utilized a reduced layer thickness as the primary point of analysis. 

Due to the reduced layer thickness (70 µm), there is a chance that layers are re-melted or that the larger 

particles are removed from the powder-bed by the re-coating process before melting. Based on this 

experiment for both PSDs’, the standardized effect for the contour parameters are reduced to a similar 

level. The highest influencing parameters are roughly at 2 standardized effect value. This showcases 

that the process parameters are not significant enough to be statistically considered as a feature that 

influences the STR values. Therefore, the powder morphology is a more dominant feature in this 

scenario. 

Additionally, in the Pareto Chart analysis in Figure 53, none of the process/contour parameters in the 

PSD 45-150 µm are statistically significant in the STR formation. However, for PSD 38-180μm, the 

most prominent parameter that influence the STR value is the Current. A combination of Current and 

Speed in the Run 1 experiment is also considered as the most significant parameter. However, generally, 

regardless of the specified process parameter range defined, the current is considered as one of the 

parameters with the highest influence on the STR value. It is possible that the higher current results in 

a higher propensity for re-melting of contours in prior layers, resulting in a lower overall surface 

roughness.  
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Figure 53. The Pareto Chart derived for all the STR experimental analysis for both PSD 45-150 µm 

and 38-180 µm; a) Run 1 base experiment; b) Run 2 layer thickness experiment; c) slower and 

sharper beam experiment. 
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Pareto chart analysis – arithmetic mean peak curvature (SPC) 

The Arithmetic mean peak curvature (SPC) is another feature of Surface roughness that represents the 

arithmetic mean of the principal curvature of the peaks on the surface of the EBM-printed samples. A 

larger SPC value represents a wider surface peak and is usually not the preferred. Based on the resulting 

SPC values from the experimental analysis, the Pareto chart analysis for SPC on all the experimental 

runs are defined in Figure 54. The PSD 45-150 µm and 38-180 µm have a different analysis result. 

The SPC results is different from the SA and STR results. The contour parameter as a whole does not 

have a large influence on the SPC regardless of the PSD. The only run experiment that has parameters 

considered as statistically significant in defining the SPC is the run that analysis a lower layer thickness 

as the main hypothesis. The parameter combination that was statistically significant is Speed and 

Number of Contours. Overall, the number of contours is considered as the highest influencing 

parameter regardless of the statistical significance.  

 



 

 118 

 

Figure 54. The Pareto Chart derived for all the SPC experimental analysis for both PSD 45-150 µm 

and 38-180 µm; a) Run 1 base experiment; b) Run 2 layer thickness experiment; c) slower and 

sharper beam experiment. 
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Response optimizer – overview 

The Response Optimizer is a sophisticated tool that adds value to the analysis by identifying the best 

combinations of input variable or process parameter settings in the EBM process which provides the 

best surface roughness feature values also improving specific responses. In this particular case, the goal 

is to simultaneously reduce SA, increase STR, and decrease SPC values. Minitab software uses 

advanced techniques to predict responses and pinpoint the optimal parameter settings required to 

achieve these desired outcomes, based on the bounds of the original experiment.  

The current ranking of responses reflects their respective importance in the context of the EBM process. 

The primary consideration is SA, followed by STR and then SPC. This ranking highlights the 

importance of achieving the right balance between minimizing SA, maximizing STR, and minimizing 

SPC simultaneously. The Response Optimizer aligns with these priorities and becomes a useful tool in 

selecting parameter settings that yield the most favorable outcomes across multiple surface roughness 

responses, improving the efficiency and effectiveness of the EBM process in achieving quality surface 

topology. The multiple response optimizer for all the experiment and surface roughness features is 

shown in Table 16. The confidence level of the reported values is based on 95% 

Table 16. The resulting optimized Surface roughness for SA, STR, and SPC with the corresponding 

process parameter predicted 

PSD 
Experimental 

Design 

Focus 

Offset 
Speed Current 

No of 

Contour 
SA STR SPC 

45-150 

µm 

Base 5 200 8 4 42.86 0.5160 3011 

Layer Thickness 5 200 8 4 40.65 0.5364 2956 

Slower & Sharper 10 400 5 3 55.62 0.5380 2621 

38-180 

µm 

Base 5 200 8 4 50.81 0.3978 3197 

Layer Thickness 20 700 4 1 57.84 0.5446 2941 

Slower & Sharper 11 200 5 3 62.14 0.5491 3202 

 

The use of Response Optimizer, along with a thorough analysis of contour parameters and Particle Size 

Distribution (PSD) variations provides valuable insights into optimizing the EBM process for important 

surface roughness features like SA, STR, and SPC. 

To achieve optimal SA, STR, and SPC values, an appropriate combination of various contour 

parameters is required. The Response Optimizer confirms the critical contour parameter combination 
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and highlights the crucial role of parameter selection in navigating the complex relationships between 

contour parameters and surface roughness response variables. The optimizer suggests that a reduced 

layer thickness yields the best results for all response variables. However, a sharper and slower beam 

configuration consistently produces less favorable outcomes. 

Comparing PSD variations, both PSDs exhibit normal distribution, enhancing the reliability of the 

comparative analysis. PSD 45-150 µm predicts a lower SA value of 40.65, as compared to the PSD 38-

180 µm 50.81. For STR values, PSD 38-180 µm outperforms PSD 45-150 µm, potentially due to the 

larger particles present in the feedstock, which are randomly fused at the surface creating scattered 

peaks on the EBM printed side surface. Analyzing SPC, PSD 38-180 reveals lower sensitivity to 

contour parameters, while the narrower PSD 45-150 consistently yields smaller SPC values, 

emphasizing the impact of PSD on resulting porosity. 

These findings emphasize the complex interplay between contour parameters, PSD variations, and key 

response variables in the EBM process. The Response Optimizer proves to be a useful tool in selecting 

optimal parameter settings to enhance efficiency and performance. This comprehensive approach 

towards process optimization ensures a thorough understanding of the intricate relationships governing 

the EBM process, which can lead to advancements in additive manufacturing. 

 

Response optimizer – arithmetic mean height (SA) 

Generally, the SA value is the most commonly utilized surface roughness feature to confirm the quality 

of the resulting surface roughness. This is primarily due to the availability and necessity of post 

processing of the surface. Due to the need of post processing, by considering the SA value exclusively, 

the time, effort and cost required to achieve an excellent surface finish is more heavily dependent on 

the SA value. Having a smaller SA value can reduce the amount of time and cost needed to polish the 

surface significantly. Additionally, based on the Pareto chart analysis, the SA is most largely influenced 

by the process parameters and the other two features (STR, and SPC) are more heavily dependent on 

the powder feature. For this reason, a singular Response Optimizer is considered to achieve the lowest 

possible SA value, regardless of the STR and SPC results. Based on the surface roughness requirements, 

the results of the Response optimizer is shown in Table 17. 
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Table 17. The resulting optimized Surface roughness for SA, STR, and SPC with the corresponding 

process parameter predicted 

PSD Experimental Design 
Focus 

Offset 
Speed Current 

No of 

Contour 
SA 

45-150 µm 

Base 5 200 8 4 42.86 

Layer Thickness 5 200 8 4 40.65 

Slower & Sharper 10 200 10 3 49.32 

38-180 µm 

Base 5 200 8 4 49.9 

Layer Thickness 5 700 8 4 49.46 

Slower & Sharper 0 400 5 3 57.92 

 

Based on the resulting SA values and their corresponding process parameters, the trend across the 

experiment is identified. The optimized number of contours value is high. Based on the experiment, the 

recommended value for the number of contours is 4 and 3, which are the highest values used through 

this experiment. Therefore, to achieve a reduced SA value, increasing the number of contour is 

necessary. 

Generally, in PSD 45-150 µm, a higher current and slower speed and sharper beam produces the best 

results for the run 1 and 2, however, when the beam parameters were changed for run 3 to test the 

hypothesis that a slower and sharper beam is preferred, the focus offset was increased to achieved to 

best parameter combination, which effectively diminishes the beam sharpness. This shows that there is 

a threshold of the current, speed, and focus offset combination that produces the best results for PSD 

45-150 µm. Additionally, for PSD 38-180 µm, a similar relationship is witnessed. Run 1 predicts a 

higher current, slower speed and sharper beam as the best contour parameter combination to produce 

the lowest SA result. Run 2, however recommends the higher speed within the specified range of the 

experiment (high speed, high current and sharper focus offset was recommended). Additionally, for 

Run 3, which tests the hypothesis of a slower and sharper beam, the recommended parameter 

combination is a faster speed and a smaller current with the expected sharper focus offset. Therefore, 

there is a specific ratio relationship of these three parameters (current, speed, and focus offset) that 

produced and ideal SA result.  In PSD 45-150, the range of the current, speed, and focus offset 

combination threshold is different from the PSD 38-180 µm. PSD 45-150 µm allows a much sharper 

and slower speed combination as compared to PSD 38-180 µm when aiming to obtain a minimized SA 

result.  



 

 122 

Chapter 6 

Conclusion and Future Works 

The overall objective of this study is to elucidate the relationship between the various levels of the PSD 

on the density, porosity type, and surface roughness. The trend and threshold of the density, porosity 

type, and surface roughness formations for each PSD type are understood by examining the EBM 

process parameter combination themes (high energy combination, low energy combination) and result 

distribution. Overall, this work confirms the inherent behavior of Ti-48Al-2Cr-2Nb material in EBM, 

opening the door to the development of machine learning (ML) models or analyses that can reliably 

and precisely anticipate the results of EBM printing. 

Objective 1: Investigating the powder features of three different PSD ranges for Ti-48Al-2Cr-

2Nb powder particles. 

i. All the PSD’s measured in this study for Ti-48Al-2Cr-2Nb appear to be spherical in shape for 

the virgin powder. Particle size ranging from 0 – 66 µm (approximately) produces a slightly 

lower sphericity (0.9 as compared to 0.96 for the larger virgin particles) in each PSD category. 

Therefore, the smaller particles in the virgin powder are usually not perfectly spherical in shape 

as compared to the higher particle sizes.  

ii. The flowability and packing density for Ti-48Al-2Cr-2Nb are different for all PSD’s measured 

(PSD 38-150 µm, PSD 45-150 µm, and PSD 38-180 µm). PSD 45-150 µm has the best 

flowability and density, followed by PSD 38-150 µm and then PSD 38-180 µm. However, all 

the reported flowability and packing density for the virgin powder of all PSD’s are considered 

to be excellent. 

iii. PSD 45-150 µm has the best cohesive index and is considered to be good. The other PSD’s 

measured show a higher cohesion level in comparison with the widest PSD (38-180 µm) shows 

a slightly better cohesion than the 38-150 µm. The 38-150 µm particles enters the “poor” 

cohesion level. Based on this trend, it is likely that having a dominant percentile of smaller 

particles in the distribution increases cohesion of the bulk. 

iv. Based on the powder computed tomography analysis,  
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a. The powder porosity across all PSD’s generally appear in the larger powder particles. 

There is a larger powder porosity ratio in the powder feedstock in PSD 38-180 µm 

followed by PSD 45-150 µm and then PSD 38-150 µm. 

b. Most powder porosity found in the powder particles is spherical in shape. 

c. The reused powder for all PSD’s in this study contains some large particle volumes 

that are attributed to the powder recovery process and sintering of the powder during 

EBM-printing. 

Future Works: Some of the investigations that can be conducted based on the conclusions of this 

objective includes: 

i. Creating models and simulations to demonstrate the behaviour of the Ti-48Al-2Cr-2Nb powder 

in the EBM printing chamber. This includes powder spreading behaviour for the different 

PSD’s (PSD 38-150 µm, PSD 45-150 µm, and PSD 38-180 µm) and the effect different levels 

of applied energy or melting process parameter combination has on the melted powder-bed 

layers. 

Objective 2: Investigating the comprehensive pore defect analysis for EBM-printed Ti-48Al-2Cr-

2Nb 

This thesis investigates the relationships between process parameters, applied energy, density / porosity 

and types of porosity for Ti-48Al-2Cr-2Nb EBM-printed samples. 

i. The Gas pores formed in the EBM-printed samples are the result of porosity in the feedstock 

utilized. Gas porosity levels are generally low, in the range of (0.01% – 0.17% for the Excellent 

threshold, 0.1% – 0.23% for the Good threshold, 0.12% - 0.3% for the Poor threshold, and 

0.2% – 0.3% for the Failed threshold). The levels remain relatively consistent with overlapping 

values regardless of bulk density results across all four performance classes, with a slight 

increase in porosity as the threshold moves from Excellent to Failed. 

ii. The Lack of Fusion pores created in the EBM printed samples emerge as a result of a low 

applied energy input to the process. This porosity type has a high correlation to the overall bulk 

porosity level, with LOF porosity in the range of (0.001% – 0.1% for the Excellent threshold, 

0.02% – 0.2% for the Good threshold, 0.09% - 1.5% for the Poor threshold, and 1.9% – 12% 

for the Failed threshold). 
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iii. High density samples tend to have a predominant Gas pores fraction as compared to LOF, 

however as the density level reduces, this relationship is reversed, with higher dominance of 

LOF pores as compared to Gas pores. 

iv. As the applied energy (often denoted by the Normalized Enthalpy and Volumetric Energy 

Density) in the EBM process increases, the resulting general porosity level decreases. 

v. Normalized Enthalpy is a better identifier for representing the applied energy. Thresholds or 

regions can be defined in the NE due to the inclusion on multiple parameter features in the NE 

as compared to VED. A NE>15 appears to consistently result in Excellent performance, 

whereas a NE<10 appears to result in a Failed performance class outcome. 

Future Works: Some of the investigations that can be conducted based on the conclusions of this 

objective includes: 

i. Creating ML model that can predict and replicate the density based on the EBM parameters 

and the applied energy threshold defined for the reference PSD (PSD 45-150 µm). This 

includes investigating the specific process parameter combination that results in a specific 

applied energy (using VED and NE as our energy representation) and identifying the specified 

energy level that results in density that falls in each classified threshold (excellent, good, poor, 

failed). 

ii. Analysis on the LOF pore morphology can be conducted. Insufficient applied energy is 

identified as the reason for LOF pore formation, but the shape and morphology of these pores 

can vary as well as the location and propagation of these porosities across the entire EBM build. 

Therefore, investigating other features of the EBM that influences the LOF pores, for example, 

the powder-bed behaviour and instabilities in the melt pool can give insight on ways to achieve 

a better density result at a lower applied energy process.  

iii. More research needed to be done to identify potential way gas porosity can be reduced 

substantially within the EBM process. This could include investigating extremely highly 

energy levels to identify the threshold for gas to escape from within the melt pool, or changing 

melting strategies that more efficiently create a melt pool layer where gas pores can easily 

escape the melt pool before solidification. 
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Objective 3: Investigating and comparison analysis of pore defect for different PSD EBM-printed 

Ti-48Al-2Cr-2Nb  

This thesis investigates the relationships between process parameters, applied energy, density / porosity 

and types of porosity for two different PSD sizes (45-150 µm and 38-180 µm) Ti-48Al-2Cr-2Nb EBM-

printed samples. The effect and trends for each PSD and the hypothesis behind the density behavior is 

elucidated in this study. 

i. The bulk porosity levels for both PSD 45-150 µm and 38-180 µm consistently increased as 

thresholds shifted from 'Excellent' to 'Failed' states. This highlighted the similar influence of 

PSD on resulting bulk porosity, within the studied process parameter windows. It was also 

discovered that breaking down the overall porosity into LOF and Gas porosity types could help 

in better understanding other changes. 

ii. As the applied energy VED and NE increases in the EBM system, the expected overall porosity 

is reduced. This trend was identified in all the experimental samples regardless of the threshold. 

iii. NE provided a better representation of the relationship between the applied energy and porosity 

as compared to VED for both PSD 45-150 µm and 38-180 µm. Samples in the Failed category 

had a lower NE value, as compared to the higher density thresholds which had a wider range 

of NE values. 

iv. While the range of gas porosity remained similar in both PSD 45-150µm and PSD 38-180 µm, 

a slight increase in gas porosity was observed in PSD 45-150 µm, when going from the 

Excellent to the Failed class. Interestingly, PSD 38-180 µm exhibited a slightly lower Gas 

porosity level compared to PSD 45-150 µm. This observation suggested that the powder feature 

for the wider PSD 38-180 µm range may contribute to mitigating variations in defect 

morphology and size, influencing the resulting porosity levels in Ti-48Al-2Cr-2Nb EBM-

printed samples. 

v. The LOF pore distribution for PSD 45-150 µm and 38-180 µm showcased a similar distribution 

regardless of the threshold levels, more so than the Gas pore distribution. Although, it appeared 

PSD 45-150 µm presented a lower porosity limit in the distribution for all four thresholds, as 

compared to the PSD 38-180 µm.  

vi. As the regime (speed and current combination) moves from low to high, there is less influence 

from the process parameter in changing the density results. PSD 45-150 µm predicts a lower 
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density for the super-high regime (super high speed and current combination), however, 

achieving a very high density is possible in the other two regimes (low and high regime – low 

speed and current combination and high speed and current combination respectively) and is 

dependent on the process parameter combination. However, PSD 38-180 µm predicts a higher 

density across the experiment for the super-high regime, and the other two regimes depict a 

wider variety in the resulting density values, where the influence of process parameter is not as 

straightforward. 

Overall, these conclusions provide valuable insights into the relationship between process parameters 

and structural integrity of Ti-48Al-2Cr-2Nb EBM-printed samples, and could inform future research in 

this area. 

Future Works: Some of the investigations that can be conducted based on the conclusions of this 

objective includes: 

i. Experimental validation of the proposed forecasted density result based on the DOE should be 

conducted to confirm the relationship and trends identified in this study across the varied PSD.  

ii. An experimental study that investigates the changes in density for process parameter 

combinations that result in the same or closely reported NE or VED values for the varied PSD 

can be conducted. This analysis can give more insight into potential features of the EBM-

process that influences the density results to a larger degree than the largely varied reported 

applied energy.  

iii. Analysis conducted on the types of porosity formed during printing for various PSD. This 

includes analysis to what creates the changes in the gas pore level for both PSD, which will 

include the differences on the PSD powder features such as porosity, morphology, flowability 

and powder-bed behaviour. Understanding how the powder features influence the resulting 

porosity development in the EBM-process can create an avenue to reduce porosity formation, 

specifically the gas pores. 

Objective 4: Investigating and comparison analysis of surface roughness for different PSD EBM-

printed Ti-48Al-2Cr-2Nb  

i. Comparing PSD variations, both PSDs exhibit normal distribution. Based on the response 

optimizer, PSD 45-150 µm predicts a lower SA value of 40.65 µm, as compared to the PSD 
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38-180 µm 50.81 µm. For STR values, PSD 38-180 µm outperforms PSD 45-150 µm, 

potentially due to the larger particles present in the feedstock, which are randomly fused at the 

surface creating scattered peaks on the EBM printed side surface. Analyzing SPC, PSD 38-180 

reveals lower sensitivity to contour parameters, while the narrower PSD 45-150 consistently 

yields smaller SPC values, emphasizing the impact of PSD on resulting porosity. 

ii. SA Surface roughness 

a. Layer thickness highly influences the surface roughness results to a large degree. For 

SA, the layer thickness runs produces the best value of 39 µm. A lower layer thickness 

was found to mitigate the influence of PSD, highlighting the importance of process 

parameters, irrespective of PSD variations. This is an important finding, as this 

underscores that, with the correct selection of layer thickness and process parameters, 

the two powders can have a comparable surface roughness performance. 

b. In-depth analysis of specific process parameter across the entire experiments highlights 

the heightened influence of focus offset and the number of contours on SA values. The 

focus offset and number of contours generally hold the highest standardized effect in 

the selection of process parameter: speed, current, focus offset, and number of 

contours. 

iii. STR Surface roughness: Stress formation on the surface of the EBM sample are more likely to 

exist in the divots of a more uniform pattern, meanwhile a random peak distribution on the 

surface reduces the chances of stress buildup that can often lead to surface cracking. 

a. PSD 45-150 µm has a smaller powder distribution than the PSD 38-180 µm feedstock 

and this uniformity in the PSD 45-150 µm powder can more directly be translated to 

the a smaller STR (more uniform surface peak alignment) since there isn’t a large 

change in powder size. Inversely, the PSD 38-180 µm, which is a wider powder size 

contains larger powder particles which can create a more random peak formation due 

to random placement of the larger particles as the powder is spread on the powder-bed. 

iv. SPC Surface roughness: 

a. The contour parameter as a whole does not have a large influence on the SPC regardless 

of the PSD. However, a lower layer thickness is expected to result in smaller SPC 

values. With a smaller layer thickness, the Speed and Number of Contours parameter 
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combination is considered statistically significant, or tends to have the highest 

influence on the SPC result. 

b. Overall, the number of contours is considered as the highest influencing parameter 

regardless of the statistical significance. 

Future Works: Some of the investigations that can be conducted based on the conclusions of this 

objective includes: 

i. Experimental validation of the proposed best forecasted surface roughness parameters (SA, 

STR, and SPC) result based on the DOE should be conducted to confirm the relationship and 

trends identified in this study across the varied PSD.  

ii. Investigation of the surface cracking and the surface roughness parameters (SA, STR, and SPC) 

relationship can be conducted across different Ti-48Al-2Cr-2Nb PSDs (PSD 38-150 µm, PSD 

45-150 µm, and PSD 38-180 µm) to understand the effect of surface roughness on the 

mechanical properties. 

iii. ML models can be developed to defined and forecast process parameter combination that result 

in a specified surface roughness parameter value. 
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Appendix 

Supplementary Tables 

Supplementary Table 1. Process parameter selection and calculated energy input for each 

sample in this study for PSD 45-150µm  

Experimental 
Phase 

Sample 
No 

Speed 
(mm/s) 

Current 
(mA) 

Line 
offset 
(mm) 

Focus 
Offset 
(mA) 

Volumetric 
Energy 
Density 
(mm/s3) 

Normalized 
Enthalpy 
h* 

Round 1 Sample 1 1600 12 0.2 20 25.000 12.858 
Sample 2 1600 12 0.3 20 16.667 12.858 
Sample 3 2200 12 0.2 0 18.182 10.318 
Sample 4 1800 12 0.2 0 22.222 11.407 
Sample 5 1600 12 0.2 0 25.000 12.099 
Sample 6 1600 8 0.2 0 16.667 8.066 
Sample 7 1600 10 0.2 0 20.833 10.082 
Sample 8 1300 12 0.2 25 30.769 13.066 
Sample 9 1400 12 0.2 20 28.571 13.745 

Round 2: Run 
1 

Sample 1 1000 8 0.2 0 26.667 10.203 
Sample 2 1000 8 0.2 10 26.667 11.451 
Sample 3 1000 8 0.2 20 26.667 10.843 
Sample 4 1500 8 0.2 0 17.778 8.330 
Sample 5 1500 10 0.2 10 22.222 11.688 
Sample 6 1500 12 0.2 20 26.667 13.279 
Sample 7 1500 12 0.2 0 26.667 12.496 
Sample 8 1500 12 0.2 20 26.667 13.279 
Sample 9 2000 10 0.2 0 16.667 9.018 
Sample 10 2000 10 0.2 20 16.667 9.584 
Sample 11 800 12 0.2 0 50.000 17.110 
Sample 12 800 12 0.2 20 50.000 18.183 

Round 2: Run 
2 

Sample 1 800 7 0.2 0 29.167 9.981 
Sample 2 800 7 0.2 10 29.167 11.203 
Sample 3 800 7 0.2 20 29.167 10.607 
Sample 4 1300 7 0.2 0 17.949 7.830 
Sample 5 1300 7 0.2 10 17.949 8.788 
Sample 6 1300 7 0.2 20 17.949 8.321 
Sample 7 2000 7 0.2 0 11.667 6.313 
Sample 8 2000 7 0.2 10 11.667 7.085 
Sample 9 2000 7 0.2 20 11.667 6.708 
Sample 10 800 10 0.2 0 41.667 14.259 
Sample 11 800 10 0.2 10 41.667 16.004 
Sample 12 800 10 0.2 20 41.667 15.153 
Sample 13 1300 10 0.2 0 25.641 11.185 
Sample 14 1300 10 0.2 10 25.641 12.554 
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Sample 15 1300 10 0.2 20 25.641 11.887 
Sample 16 2000 10 0.2 0 16.667 9.018 
Sample 17 2000 10 0.2 10 16.667 10.122 
Sample 18 2000 10 0.2 20 16.667 9.584 
Sample 19 1300 10 0.1 0 51.282 11.185 
Sample 20 1300 10 0.1 10 51.282 12.554 
Sample 21 1300 10 0.1 20 51.282 11.887 

Round 2: Run 
3 

Sample 1 1000 10 0.3 0 22.222 12.753 
Sample 2 1000 7 0.3 0 15.556 8.927 
Sample 3 1000 10 0.1 0 66.667 12.753 
Sample 4 2000 10 0.1 20 33.333 9.584 
Sample 5 1000 7 0.3 20 15.556 9.487 
Sample 6 2000 7 0.3 20 7.778 6.708 
Sample 7 1500 8.5 0.2 10 18.889 9.934 
Sample 8 1000 7 0.1 0 46.667 8.927 
Sample 9 2000 10 0.3 20 11.111 9.584 
Sample 10 2000 10 0.1 0 33.333 9.018 
Sample 11 2000 7 0.1 20 23.333 6.708 
Sample 12 2000 7 0.3 0 7.778 6.313 
Sample 13 2000 7 0.1 0 23.333 6.313 
Sample 14 2000 10 0.3 0 11.111 9.018 
Sample 15 1000 10 0.1 20 66.667 13.553 
Sample 16 1500 8.5 0.2 10 18.889 9.934 
Sample 17 1000 7 0.1 20 46.667 9.487 
Sample 18 1500 8.5 0.2 10 18.889 9.934 
Sample 19 1000 10 0.3 20 22.222 13.553 
Sample 20 1500 8.5 0.25 10 15.111 9.934 
Sample 21 1500 8.5 0.05 10 75.556 9.934 
Sample 22 1500 8.5 0.08 10 47.222 9.934 
Sample 23 1500 8.5 0.1 10 37.778 9.934 
Sample 24 1500 8.5 0.15 10 25.185 9.934 

Round 2: Run 
4 

Sample 1 2000 18 0.3 20 17.250 20 
Sample 2 2500 15 0.2 10 13.580 20 
Sample 3 2000 18 0.1 20 17.250 60 
Sample 4 2000 12 0.3 20 11.500 13.333 
Sample 5 3000 12 0.3 20 9.390 8.8889 
Sample 6 2000 18 0.3 0 16.232 20 
Sample 7 3000 18 0.3 0 13.254 13.33 
Sample 8 3000 12 0.1 20 9.390 26.667 
Sample 9 3000 12 0.1 0 8.836 26.667 
Sample 10 2000 12 0.1 20 11.500 40 
Sample 11 2500 15 0.2 10 13.580 20 
Sample 12 2000 18 0.1 0 16.232 60 
Sample 13 3000 12 0.3 0 8.836 8.889 
Sample 14 2000 12 0.1 0 10.822 40 
Sample 15 3000 18 0.3 20 14.085 13.333 
Sample 16 2000 12 0.3 0 10.822 13.333 
Sample 17 3000 18 0.1 0 13.254 40 
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Sample 18 3000 18 0.1 20 14.085 40 
Sample 19 2500 15 0.2 10 13.580 20 

Round 2: Run 
5 

Sample 1 4000 20 0.1 0 33.333 8.262 
Sample 2 4000 25 0.3 0 13.889 10.327 
Sample 3 3500 22.5 0.2 10 21.429 8.685 
Sample 4 3000 25 0.1 0 55.556 11.925 
Sample 5 3500 22.5 0.2 10 21.429 8.685 
Sample 6 3000 20 0.1 0 44.444 9.540 
Sample 7 4000 20 0.3 20 11.111 6.160 
Sample 8 3000 20 0.1 20 44.444 7.113 
Sample 9 3000 25 0.3 20 18.519 8.891 
Sample 10 4000 20 0.3 0 11.111 8.262 
Sample 11 3000 25 0.3 0 18.519 11.925 
Sample 12 4000 25 0.1 20 41.667 7.700 
Sample 13 3000 25 0.1 20 55.556 8.891 
Sample 14 4000 25 0.3 20 13.889 7.700 
Sample 15 4000 25 0.1 0 41.667 10.327 
Sample 16 4000 20 0.1 20 33.333 6.160 
Sample 17 3000 20 0.3 0 14.815 9.540 
Sample 18 3500 22.5 0.2 10 21.429 8.685 
Sample 19 3000 20 0.3 20 14.815 7.113 
Sample 20 3500 22.5 0.2 10 21.429 8.685 
Sample 21 3500 22.5 0.2 10 21.429 8.685 
Sample 24 3500 22.5 0.2 10 21.429 8.685 

 

 

Supplementary Table 2. Process parameter selection and calculated energy input for each 

sample in this study for 38-180µm 

Experimental 
Phase 

Sample No Speed 
(mm/s) 

Current 
(mA) 

Line 
offset 
(mm) 

Focus 
Offset 
(mA) 

Volumetric 
Energy 
Density 
(mm/s3) 

Normalized 
Enthalpy 
h* 

Round 2: Run 
1 

Sample 1 1000 10 0.3 0 22.222 12.753 
Sample 2 1000 7 0.3 0 15.556 8.927 
Sample 3 1000 10 0.1 0 66.667 12.753 
Sample 4 2000 10 0.1 20 33.333 9.584 
Sample 5 1000 7 0.3 20 15.556 9.487 
Sample 6 2000 7 0.3 20 7.778 6.708 
Sample 7 1500 8.5 0.2 10 18.889 9.934 
Sample 8 1000 7 0.1 0 46.667 8.927 
Sample 9 2000 10 0.3 20 11.111 9.584 
Sample 10 2000 10 0.1 0 33.333 9.018 
Sample 11 2000 7 0.1 20 23.333 6.708 
Sample 12 2000 7 0.3 0 7.778 6.313 
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Sample 13 2000 7 0.1 0 23.333 6.313 
Sample 14 2000 10 0.3 0 11.111 9.018 
Sample 15 1000 10 0.1 20 66.667 13.553 
Sample 16 1500 8.5 0.2 10 18.889 9.934 
Sample 17 1000 7 0.1 20 46.667 9.487 
Sample 18 1500 8.5 0.2 10 18.889 9.934 
Sample 19 1000 10 0.3 20 22.222 13.553 
Sample 20 1500 8.5 0.25 10 15.111 9.934 
Sample 21 1500 8.5 0.05 10 75.556 9.934 
Sample 22 1500 8.5 0.08 10 47.222 9.934 
Sample 23 1500 8.5 0.1 10 37.778 9.934 
Sample 24 1500 8.5 0.15 10 25.185 9.934 

Round 2: Run 
2 

Sample 1 2000 18 0.3 20 17.250 20 
Sample 2 2500 15 0.2 10 13.580 20 
Sample 3 2000 18 0.1 20 17.250 60 
Sample 4 2000 12 0.3 20 11.500 13.333 
Sample 5 3000 12 0.3 20 9.390 8.8889 
Sample 6 2000 18 0.3 0 16.232 20 
Sample 7 3000 18 0.3 0 13.254 13.33 
Sample 8 3000 12 0.1 20 9.390 26.667 
Sample 9 3000 12 0.1 0 8.836 26.667 
Sample 10 2000 12 0.1 20 11.500 40 
Sample 11 2500 15 0.2 10 13.580 20 
Sample 12 2000 18 0.1 0 16.232 60 
Sample 13 3000 12 0.3 0 8.836 8.889 
Sample 14 2000 12 0.1 0 10.822 40 
Sample 15 3000 18 0.3 20 14.085 13.333 
Sample 16 2000 12 0.3 0 10.822 13.333 
Sample 17 3000 18 0.1 0 13.254 40 
Sample 18 3000 18 0.1 20 14.085 40 
Sample 19 2500 15 0.2 10 13.580 20 

Round 2: Run 
3 

Sample 1 4000 20 0.1 0 33.333 8.262 
Sample 2 4000 25 0.3 0 13.889 10.327 
Sample 3 3500 22.5 0.2 10 21.429 8.685 
Sample 4 3000 25 0.1 0 55.556 11.925 
Sample 5 3500 22.5 0.2 10 21.429 8.685 
Sample 6 3000 20 0.1 0 44.444 9.540 
Sample 7 4000 20 0.3 20 11.111 6.160 
Sample 8 3000 20 0.1 20 44.444 7.113 
Sample 9 3000 25 0.3 20 18.519 8.891 
Sample 10 4000 20 0.3 0 11.111 8.262 
Sample 11 3000 25 0.3 0 18.519 11.925 
Sample 12 4000 25 0.1 20 41.667 7.700 
Sample 13 3000 25 0.1 20 55.556 8.891 
Sample 14 4000 25 0.3 20 13.889 7.700 
Sample 15 4000 25 0.1 0 41.667 10.327 
Sample 16 4000 20 0.1 20 33.333 6.160 
Sample 17 3000 20 0.3 0 14.815 9.540 
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Sample 18 3500 22.5 0.2 10 21.429 8.685 
Sample 19 3000 20 0.3 20 14.815 7.113 
Sample 20 3500 22.5 0.2 10 21.429 8.685 
Sample 21 3500 22.5 0.2 10 21.429 8.685 
Sample 24 3500 22.5 0.2 10 21.429 8.685 

 


