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Abstract 
Powder bed fusion is a class of additive manufacturing (AM) technology capable of fabricating complex 

geometrical designs and empowering users with a variety of benefits. Two main examples are laser powder 

bed fusion (LPBF) and electron beam powder bed fusion (EB-PBF) known as electron beam melting (EBM). 

Both techniques follow a layer-by-layer fabrication manner whereby each layer is melted according to 

individual cross-sectional slices of a computer aided design model. Despite its escalating enticement and 

prominence in both research and industry, the application requires significant research to understand the 

interplay between process parameters and materials. An example of a group of alloys are nickel superalloys, 

which can be further classified as weldable and non-weldable nickel superalloys. CM247LC falls in the 

latter and is associated with a higher volume content of 𝛾′ precipitation strengthening phase. The greater 𝛾′ 

(gamma prime) content enhances the mechanical properties for high temperature applications, but also 

paradoxically contributes to its proclivity for cracking.  

The processability of CM247LC via LPBF has been investigated by different researchers from academia 

and industry. A number of traditional and creative strategies were explored to minimize the crack 

susceptibility of CM247LC but this was at the cost of undesired compromises. Conversely, the differences 

in the deposition process and conditions primes the less explored EBM to be an appealing processing 

alternative. The current work explores the processability of CM247LC by EBM with the desired target of 

mitigation the material susceptibility towards cracking. The process optimization requires a fundamental 

understanding of process parameters and the solidification process of the deposited material. This study 

follows a systematic ground up approach to address the knowledge gap. This started with the basic 

deposition unit of a single-track and later progressed with multi-tracks.  

An experimental single-track study, structured within a design of experiment (DoE) framework, was 

conducted to isolate the primary EBM process parameters and evaluate their effects on the track stability, 

microstructure, and cracking behavior. A process map was developed to identify parameter combinations 

that yielded coherent and uniform tracks. Relationships among EBM parameters, melt pool morphology, 

grain microstructure, and cracking tendencies were established, revealing specific track conditions and 

inherent characteristics that mitigate cracking.  

The lack of an integrated characterization system within the build chamber complicates direct analysis of 

solidification conditions for these single-tracks. To address this, a simplified thermal model by finite 

element (FEM) method was developed to provide an alternate approach to study the solidification 

conditions. The thermal profiles for each experimental single-track were simulated, enabling extraction of 

key solidification parameters, such as thermal gradient, and cooling rate, and analysis of their spatial-
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temporal evolution. Furthermore, the relationship between process parameters, thermal conditions, and 

cracking behavior were defined, identifying certain thermal profiles that reduce cracking severity.  

Building on this foundation, the study progresses to single-layer deposition involving multiple tracks 

extending the single-track findings. Two distinct single-track process parameter recipes were selected to 

assess heat accumulation effects originating from the lateral stacking of tracks. The lateral arrangement was 

modulated using independent variables: line offset and track number. The impacts of these variables on 

deposited layer quality, multi-track microstructure, and cracking behavior were assessed. The different 

single-track parameter recipes indicated contrasting multi-track deposition nature as reflected by surface 

topography analysis and subsequent assessment of the multi-track cross section. Moreover, a distinct spatial 

pattern of defects was observed. While these established relationships and findings point toward optimal 

multi-track conditions, further refinement and follow-up strategies are necessary to fully optimize the 

process.  
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Chapter 1. Introduction 

1.1 Problem Overview and Motivation 

Metal additive manufacturing (AM) leverages software integration into manufacturing engineering by 

utilizing slices of a computer aided design (CAD) model as blueprints for layer-by-layer material deposition 

to produce a coherent and tangible part [1], [2], [3], [4], [5]. This exploitation enables benefits such as the 

streamlining of a production process, product customizability, greater design freedom for more intricate 

geometries, and part consolidation for better mass-performance-cost efficiency [1], [2], [4], [5]. This 

contrasts with conventional fabrication methods such as machining and casting. These advantages along 

with multiple government initiatives by the United States, Germany, Singapore and China push forward the 

adoption of AM by various companies [1]. General Electric demonstrates this advancement with its GE9X 

engine, introduced into service on January 2020 [6]. The GE9X engine has been promoted as more powerful 

than other commercially available models with nearly 50% of its components composed of Ni-based 

superalloy composition [7]. It incorporates 304 parts that were additively manufactured via electron beam 

melting (EBM) or laser powder bed fusion (LPBF) technologies [6], [7]. The ingenuity of AM is 

exemplified by the consolidation of 163 individual components in its heat exchanger into a singular part to 

foster a 25% and 40% reduction in cost and mass respectively [6]. Evidently, metal AM has a high ceiling 

potential and is capable of shifting the past paradigms of industrial design and manufacturing practices. 

EBM and LPBF are known as powder bed processes due to their shared part fabrication principle which 

relies on the application of a localized heat source to selectively melt and join successive layers of metal 

powder spread over a solid substrate [4], [8]. The identity chiefly defers by the heat source employed [3]. 

EBM was commercialized in 1997 by Arcam AB [4], [9]. The method converts the high kinetic energy of 

accelerated electrons into thermal energy for localized melting under high vacuum build conditions [4], [9]. 

Alternatively, LPBF was founded in the 1980s and employs a beam of photons from a laser medium for 

melting under an inert gas environment [4]. Regardless of the heat source, various process parameters such 

as the amount of power supplied, scanning speed, beam path separation, and the inter- and intra-layer scan 

pattern of the traversing beam control the ability of the beam to melt the metal powder into a molten liquid 

pool [8], [10]. Subsequently, the geometric shape of the melt pools and the material properties of the metal 

jointly dictate the solidification conditions [8], [9], [10]. Hence, a large emphasis is placed upon 

understanding the interdependent relationship between the process parameters, material of interest, and the 

resulting part microstructure as its processability ultimately dictates the quality and mechanical properties 

of the fabricated part and its suitability for certain applications [8], [9].  

Nickel based superalloys are a case example. This class of high performing alloys are valued for their 
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corrosion resistance and mechanical properties under high temperature applications such as turbine 

components in the energy and aerospace sectors [3], [4], [9], [11]. The print parameters-microstructure-

material properties of alloys such as Inconel 718, Inconel 625 and Hastelloy X have been greatly studied 

by both powder bed processes and an effective process parameter window that limits the crack occurrence 

has been defined [3], [12]. However, these weldable nickel superalloys are limited in their high temperature 

strength due to their lower content of  𝛾′-Ni3(Ti, Al), the intermetallic precipitation phase that strengthens 

the base 𝛾  nickel matrix [12], [13]. In response, interest has shifted towards non-weldable nickel 

superalloys such as CM247LC [1], [12]. As the defining non-weldability trait, its higher volume fraction 

of  𝛾′ precipitates, lends to its better high temperature properties such as an elevated creep resistance, yield 

stress, and thermal fatigue performance [11]-[13]. On this account, the larger 𝛾′ content also paradoxically 

limits the suitability of this subcategory for market applications, as it increases the crack susceptibility and 

potentially debilitates its mechanical properties [9], [12], [13].  

In attempts to mitigate the inherent cracking problem, significant research has been focused on exploring 

the processability of CM247LC via LPBF and the identification of the reduced processing window [14], 

[15], [16], [17]. Alongside process optimization, other approaches such as alloy modification [18], [19], 

post processing treatments [20], and other novel strategies [21], [22], [23], have been explored to reduce 

cracking and achieve the desired mechanical properties [11], [24]. However, these strategies come at the 

cost of increased lead times and expenses, or undesired alteration of its mechanical properties. Moreover, 

the as-built (AB) samples by LPBF are required to undergo a subsequent heat treatment (HT) in order to 

facilitate growth of the 𝛾′ phase to the suitable size and morphology for the target application [14], [25].  

As a more recent and less established technology, EBM is a limitedly explored processing route for non-

weldable alloys such as CM247LC. In contrast to LPBF, the EBM process is carried out at comparatively 

higher build temperatures and possesses a preheat step that beneficially lowers the temperature gradients 

and cooling rates [7], [9], [26]. Consequently, the fabricated part experiences lower residual stress and crack 

sensitivity [7], [9], [26]. In addition, the EBM conditions of slow cooling and use of a high vacuum serves 

as an in-situ heat treatment in which would foster the growth of the 𝛾′ precipitates while possibly removing 

the need for post processing, facilitating shorter lead times [7]-[9]. As a result, the favourable synergy of 

the non-weldable nickel superalloy and EBM merits an assessment of its potential feasibility. An effective 

approach will be required to study the processability of CM247LC by EBM in a resource efficient manner. 

This is as opposed to the costly experimental trial and error alternative. A systematic strategy would 

beneficially maximize the knowledge grasp of the parameter-material-microstructure relationship and 

enable the identification of suitable process parameters for limiting the crack susceptibility linked with the 

chosen alloy.  
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1.2 Thesis Objective  
The aim of this thesis is to develop a foundational understanding of the relationship between process 

parameters and the resulting microstructure in attempts to ultimately identify a suitable set of parameters 

that limits the degree of cracking in CM247LC samples fabricated via EBM. This overarching aim will be 

addressed through the following objectives:  

- Study the effect of fundamental process parameters (such as beam current, beam scanning speed, 

and focus offset) on the geometrical dimensions and microstructure of solidified melt pools and to 

correlate these features to the degree of witnessed cracking. This will be achieved through an 

experimental single-track print and a design of experiment structure. A set of fundamental 

parameters will be identified for successive tasks.  

- Develop a finite element thermal model to extract the thermal information such as the temperature 

history, temperature gradient, and cooling rate of the solidified single-track melt pool to better 

understand the relationship between process parameter and solidification conditions. Ultimately, 

this will be correlated and used to help better understand the observed cracking behavior by the 

material. 

- Expand on single-track findings by the introduction of line offset parameter in a single layer multi-

track study. The study of the different horizontal track arrangements will facilitate an understanding 

of the isolated heat accumulation effects on the geometrical dimensions, microstructure, and 

cracking tendencies of ensuing melt pools.  
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1.3 Thesis Outline  
The thesis structure methodically addresses the stated objective by the following manner. Chapter 1 

provided a short overview of the field of AM and EBM, with a given focus on the processability of non-

weldable nickel superalloys. This helped to set up the problem overview and the motivation, objective, and 

outline for the current study. Chapter 2 is a literature review that gives further details on the EBM process, 

nonweldable CM247LC nickel superalloy, and a brief review on the processability of the alloy by AM. 

Additionally, a systematic approach is outlined for the efficient study of CM247LC processability via the 

EBM deposition route. The aim of this chapter is to equip readers with the necessary background knowledge 

for a better understanding of this thesis. Chapter 3 investigates the EBM primary process parameters of 

beam current, beam speed, and focus offset through the combination of experimental single-tracks and a 

full factorial design of experiments. The results of the basic build unit (single-track) will define the 

relationship between primary process parameters, track deposition quality, microstructure, and cracking 

behavior of EBM processed CM247LC. Chapter 4 addresses the knowledge gap of the experimental single-

track solidification conditions. This chapter focuses on the development of a simple thermal model via finite 

element method in order to extract thermal information of the single-track deposition process. The 

simulation study of the temperature and its spatial-temporal evolution will help define the relationship 

between the primary process parameters, solidification conditions, and CM247LC cracking tendencies. 

Chapter 5 expands on the knowledge fostered in the single-track work done in Chapter 3 and 4, whereby 

the accumulation of heat from the lateral stacking of multiple single-tracks in a single layer is explored. 

The lateral arrangement of tracks focuses on the effect of line offset and the number of tracks on the 

deposition quality, microstructure, and CM247LC susceptibility towards cracking. Lastly, Chapter 6 

provides a conclusion to this thesis whereby, key findings are consolidated in a summarized list and 

recommendations for future work are also provided. 
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Chapter 2. Literature Review 

2.1 Overview 
The focus of this literature review is to study the processability of the nickel superalloy, CM247LC by 

additive manufacturing (AM). An introduction to electron beam powder bed fusion and its process 

parameters will be discussed. This is followed by a review on relevant material information highlighting its 

background, strengths, and the inherent challenges associated with the alloy of focus. Significant efforts 

have been undertaken to successfully fabricate, and process crack free CM247LC parts by laser powder 

bed fusion. A few of these strategies are highlighted along with the associated trade-offs. Meanwhile, 

comparatively limited research has been devoted to studying the processability of the alloy by electron 

beam powder bed fusion. Hence, a systematic ground up approach is proposed to cultivate a foundational 

understanding between the deposition and solidification process. This would therefore better enable the 

optimization of EBM-processed CM247LC and the mitigation of its crack susceptibility.  

2.2 Electron beam powder bed fusion  
Electron beam powder bed fusion, or more commonly referred to as electron beam melting (EBM), was 

commercialised by Arcam AB in 1997 [9]. As a powder bed AM technology, the layer by layer nature of 

material deposition enables users to fabricate metallic parts of complex designs. The principal mechanism 

exploits the high kinetic energy from a beam of highly accelerated electrons and its conversion into thermal 

energy upon the collisional impact with the powder particles of the powder bed [4], [27]. This is in contrast 

to its more popular counterpart, laser powder bed fusion (LPBF), where light or photons from a laser source 

are absorbed by the powder and converted into thermal energy for melting [4]. A generalized internal 

structure of an EBM printer is displayed in Fig. 2-1.  

Figure 2-1. General internal structure of EBM printer [27]. Permitted for reproduction by Elsevier. 
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At the start of the EBM build process, a build processor is used to partition the user designed CAD model 

into cross sectional slices of a defined layer thickness. The processed CAD file is then transferred to the 

software of the EBM printer. Once the vacuum conditions are established, a defocused electron beam is 

used to rapidly scan and preheat the build plate to a specified temperature. The build plate is lowered by 

the defined layer thickness and a rake arm spreads a fresh powder layer across the plate. Another preheating 

cycle is applied to raise the temperature of the fresh powder layer and to partially sinter the metal powder 

of the powder bed. The partial sintering prevents any potential instabilities such as smoking where the 

electrostatic repulsion is instigated by the buildup of excess charge from the incident electron beam [9]. 

The melting stage is then performed. The electron beam melts the powder at locations specified by the 

generated cross-sectional slice using the user programmed process parameters. This leads to the formation 

of molten pools of material and bonding with previously solidified melt pools and print layer. The unmelted 

powder will either be part of the surrounding powder bed or embedded within the fabricated part. Both are 

removed via non-destructive depowdering techniques in the post processing stage. After the melt layer is 

finished, the build plate is lowered, and a new cycle begins. Multiple cycles of build plate lowering, powder 

spreading, preheating, and melting are repeated until the fabrication of the entire part is completed.   

The success of a print to obtain a desired part quality and mechanical properties relies on the proper 

selection of process parameters. This controls the complex thermal history of melt pools undergoing rapid 

heating and cooling during melting and solidification [28], [29]. Several of the key process parameters are 

listed as follows along with their observed effect on resulting deposited parts:  

- Focus offset: This controls the amount of current applied onto the electromagnetic field lens used 

to defocus the electron beam and manipulate its focal point [30]. Ghibaudo et al. [31] revealed a 

heighten focus offset limits the aluminum loss in EBM processed Ti-48Al-2Nb-2Cr alloy. However, 

this was also associated with a minor increase in porosity. Abdeen and Palmer [32] observed a 

greater focus offset values also resulted in density reduction and a worsened surface roughness.  

- Beam current: The current parameter directly controls the supplied energy input. In a study on the 

impact of beam current on the mechanical properties and microstructure of Ti-47Al-2Cr-2Nb, Yue 

et al. [33] found a larger current increased the B2 phase which led to a greater microhardness, but 

also the secondary result of greater grain sizes and a following weaker compression strength.  

- Beam speed: This variable governs the distance the beam translates across the print surface per 

unit time. In processing Ti-6Al-4V, Wang et al [34] had observed that the use of high beam speeds 

facilitated a finer grain microstructure, and used the Hall Petch relationship to explain the greater 

hardness and Young’s modulus. Puebla et al. [35] also showed higher beam speeds led to an increase 

in porosity due to unmelted powder, resulting in reduced density, stiffness, and microhardness. 
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- Line Offset: The parameter refers to the offset distance that separates consecutively melted tracks, 

and thus also dictates the extent of track overlap. In LPBF, line offset is equivalent to the hatch 

spacing parameter. Ameen et al. [36] explored the role of process parameters in the fabrication of 

overhang structures with specific focus on the extent of warping deformation. The Ti-6Al-4V ELI 

overhang was found to experience a greater warping deformation with lower line offset values [36].  

- Layer thickness: This value governs the vertical height of the fresh powder that is spread for the 

following new melt layer. Diaz et al [37] found a lower vertical progression of 50 µm instead of 

100 µm can result in parts with higher microhardness, yield stress, and elongation.  

- Scan strategy: The scan strategy is the defined pathing pattern followed by the electron beam 

during the melting of a given layer. A snake pattern where the electron beam traverses back and 

forth is a common scan strategy employed for deposition [38], [39], [40]. Helmer et al. [41] 

highlighted the ability of various scan strategies to foster different solidification conditions such as  

the altercation of the thermal gradient direction and the resulting grain structure.  
- Scan Rotation: Each melt layer involves the electron beam to apply the scan strategy with a 

particular directional orientation. The given variable dictates the rotation of the directional 

orientation between each successive melt layers. For instance, with a 90º rotation, the melt layers 

will alternate between latitudinal and longitudinal scan directions. In the fabrication of IN625 

trusses by EBM, Zhao et al. [42] highlighted specific rotations were associated with larger 

magnitudes of thermal gradients which consequently heightened the experienced accumulated 

strain, deformation and the amount of trusses that had been rupture. 

While additional process parameters exist, these couple of parameters can significantly influence the 

solidification process during deposition. In a numerical investigation of powder bed fusion process by 

Machirori et al. [43], the inherent temperature gradient is seen to profoundly dictate the residual stress 

experienced by the fabricated part, with a higher thermal gradient resulting in a higher stress state that can 

cause defects such as crack. Silvestri et al. [39] also indicated that various combinations of EBM parameters 

and their interaction with one another can also lead to the same supplied energy density but differing 

microstructure and mechanical properties. The selection challenge of correct parameter and definition of a 

suitable process window can be made further complicated by the properties of the interested material. 

2.3 Material information 

2.3.1 Nickel Superalloy – General information 

Nickel based superalloys are remarkable case studies of material engineering. These commonly operate 

under extreme environmental conditions due to their prized high temperature material properties [3], [4], 

[12]. Such attributes include excellent tensile strength, corrosion and oxidation resistance, fatigue 



 
 

8 

performance, and creep resistance [3], [4], [8], [9]. Consequently, nickel superalloys have found 

applications in the energy sector, automotive industry, maritime vessels, and aerospace sectors [3], [4], [9]  

The required material properties and target applications are met by deliberate tailoring of its alloying 

elemental ratios and following microstructure. The base nickel matrix (𝛾) is ordered into a face centered 

cubic (FCC) structure [44]. Its key trait of a wide solubility range enables a plethora of substitutional 

alloying elements to be strategically included for an intended purpose [8], [44]. For instance, aluminum (Al) 

and chromium (Cr) addition enhances the resistance of a material towards oxidation and corrosion [12], 

[44]. Meanwhile, elements such as titanium (Ti), molybdenum (Mo), hafnium (Hf), tantalum (Ta), Cr and 

tungsten (W) assist in carbide formation that can help limit the grain size, restrict the sliding of grains at 

the boundaries, and thus provide better creep properties [12], [44]. However, the extent of additional 

alloying elements can also contribute to a wider solidification range, and consequently render the alloy 

material to be further vulnerable to cracking [18].  

Al and Ti also serve as key constituent elements for one of two possible and important precipitation 

strengthening phase, 𝛾′and 𝛾′′ [12], [44]. For this work and the alloy of interest, the 𝛾′ will be of sole focus. 

The 𝛾′ is an intermetallic FCC phase with a Ni3(Ti, Al) composition that precipitates out of an undercooled 

supersaturated solid solution [45], [46]. The 𝛾′ phase has been attributed to be a defining trait of nickel 

superalloys as it enables its enhanced mechanical properties and thermal stability at high temperature 

conditions through the inhibition of dislocation migration [12], [44]. Despite the benefits of the 𝛾′ phase, it 

can also paradoxically serve as the reason for the shortcoming of the material with regards to processability. 

Nickel superalloys can be classified as weldable or non-weldable based on the elemental content of Al and 

Ti as seen in Fig. 2-2 [7], [9], [21]. This is reflective of the amount of 𝛾′ phase. The severity of the non-

weldability is correlated to the degree that the sum of the two elements exceed 4.5 wt% as demarcated by 

the red dashed line [7], [21]. In other words, a greater summation reflects a higher susceptibility for the 

given nickel superalloy to experience cracking. Weldable nickel superalloys such as IN718 have been 

extensively studied in AM research and applied in industry [12], [26], [29], [47]. However, in the efforts to 

innovate and redefine performance limits, endeavours are being explored with the processability of non-

weldable nickel superalloys. A prospective application example is seen in gas turbines. The enhanced 

amount of 𝛾′ phase fosters better high temperature mechanical properties that would raise the temperature 

limit at which combustion gases are injected into the turbine section of the gas turbine engine [12]. This 

raised turbine entry temperature (TET) would therefore facilitate an upgraded thermodynamic efficiency 

and power output for mechanical work [12]. Hence, a competitive edge could be realised.  
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Figure 2-2. Weldability map of nickel superalloys based on Al and Ti weight percent content [21]. CC-BY 

2.3.2 Nickel Superalloy – CM247LC 

CM247LC is a case example of interested nickel superalloys with such opportunity. The alloy was derived 

in 1978 from its parent alloy of MAR M247, with the target objective specifically driven towards the 

production of directionally solidified blades [48]. Certain alloying elements were included such as Ta, Mo, 

W, Cr, and Co for solid solution strengthening, W and Mo for strengthened creep resistance, and Al and Cr 

for its oxidation/corrosion resistance [44]. CM247LC differs from its parent alloy of MAR M247 through 

chemical composition modifications which includes a minor reduction in the amount of W, a tighter control 

of sulfur (S) and silicon (Si), and a greater limitation of the zirconium (Zr) and Ti content [7], [48]. 

Consequently, the refined version exhibits a better ability to resist grain boundary cracking and a more 

favorable carbide stability and microstructure [48]. This translates to an upgraded material and mechanical 

properties such as a better oxidation resistance, creep strength, fatigue strength, thermal stability, ductility, 

and high temperature strength [11], [44], [46], [48]. The lower carbon (LC) content alloy can be resultingly 

applied in propulsion engines and turbine blades of vehicles within the aerospace sector. 

As reflected in Fig. 2-2, CM247LC is a non-weldable nickel superalloy with its position well above the red 

dashed line. This is indicative of the superalloy to be possessive of a very high 𝛾′ phase content. In fact, 

Bassini et al. [20] found the alloy is capable of realising a 𝛾′ volume fraction within the range of 65%-73%. 

Furthermore, as mentioned, this secondary phase importantly contributes to its highly sought after enhanced 

mechanical and material properties.  

However, CM247LC requires post deposition heat treatment processes for the further precipitation and 

development of the 𝛾′ phase in order to attain the desired properties [20], [49]. The characteristics of the 𝛾′ 

strengthening phase such as the degree of lattice misfit between the 𝛾′ phase and the 𝛾 base matrix, its size, 
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shape, and distribution are significantly influenced by various heat treatment parameters such as the heat 

treatment path, subjected cooling rate, treatment duration, and temperature [20], [49]. Two crucial heat 

treatment phases are the solutionizing and aging stage. The former phase occurs at a higher temperature for 

recrystallization and sets up the 𝛾′ precipitation occurring in the subsequent latter phase at a lower holding 

temperature [20]. Both Bassini et al. [20] and Muñoz-Moreno et al. [49] observed a higher volume fraction 

of 𝛾′ with an improving uniform distribution and finer morphology can be facilitated with a higher solution 

treatment temperatures such as that close to and above the 𝛾′solvus temperature range (1230ºC-1245 ºC), 

followed by a fixed aging stage. Fig. 2-3 and Fig. 2-4 are backscattered electron (BSE) images of LPBF 

fabricated CM247LC samples that have undergone solution treatment for 2 hours and first aging treatment 

for 4 hours at 1080 ºC [20]. The first figure displays the direct as-built (AB) samples while the following 

figure correspond to AB samples that have also undergone hot isostatic pressing (HIP) process.  

Figure 2-3. LPBF as-built CM247LC samples after solution treatment at a) 1205 ºC b) 1245 ºC [20]. CC-
BY-NC-ND 

Figure 2-4. LPBF fabricated CM247LC samples with HIP treatment after solution treatment at a) 1205 
ºC, b) 1215 ºC, 1230 ºC, and 1245 ºC [20]. CC-BY-NC-ND 

2.4 Processability by LPBF 
Conventional manufacturing techniques can be used to process CM247LC and fabricate complex designs. 

Nonetheless, the traditional approach suffers from various drawbacks in the form of substantial material 

waste, and monetary and time costs [3], [11], [20]. In the recent decade, the application of additive 
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manufacturing has garnered interests with a surge in studies focusing on the successful processability of 

CM247LC via LPBF. The processability specifically deals with the minimization of the crack susceptibility 

for the non-weldable nickel alloy. Several approaches with LPBF have been explored to foster the 

production of a crack free part.  

An alloy chemistry modification approach has been studied to meet the mentioned objective. Griffiths et al. 

[18] characterized the defects and microstructure of AB samples from two separate build conditions 

consisting of different LPBF printers and process parameter sets. The micro-cracking mechanism and the 

contributing factors were identified. Most of the cracks were witnessed to be situated along the grain 

boundaries with significant degree of Hf enrichment. In response, the removal of Hf, a melting point 

depressant, was proposed to reduce the solidification range and counteract the cracking observed at grain 

boundaries. An overall significant reduction in cracking was observed (Fig. 2-5) as the crack length density 

was lowered from 1.27 and 0.88 mm/mm2 to 0.12 and 0.03 mm/mm2 for AB CM247LC and Hf-free 

CM247LC respectively (Fig. 2-5e) [18]. Markanday et al. [19] also conducted similar work but 

compensated for the Hf removal with a reduction in carbon content and the addition of Niobium (Nb) to 

provide mechanical strength. However, this led to a greater degree of cracking due to the reduced presence 

of carbides [19]. The approach to altering the alloy chemistry may not be attractive as this could also lead 

to undesired changes in microstructure as well as the mechanical properties and thermal stability of the 

alloy, designed specifically for high temperature applications.  

Figure 2-5: Optical microscopy image of unetched (a), (c) CM247LC and (b), (d) Hf-free CM247LC (e.g. 
CM247LC NHf) cross sections fabricated by two separate build conditions involving different LPBF 

printer and optimized process parameter set. Quantitative assessment of crack behavior of CM247LC and 
Hf-free CM247LC: (e) mean crack length density, and histogram distribution of crack lengths for (f) 

CM247LC, and (g) Hf-free CM247LC [18]. Permitted for reproduction by Elsevier. 
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The use of post deposition treatments has also been explored. The application of HIP on LPBF fabricated 

CM247LC samples was studied by Bassini et al. [20]. The HIP cycle was conducted at the 𝛾′ sub-solvus 

regime and it was seen to supplement the later heat treatment and stabilize the microstructure [20]. 

Specifically, it helped to limit the carbide coarsening and enhanced the controlled growth of finer 𝛾′ and 

volume fraction [20]. HIP was also importantly observed to effectively eliminate the crack and pore defects 

[20]. However, despite the success of a crack free part, the additional post deposition treatment would incur 

additional cost and extend the lead times of CM247LC. 

Alternative novel approaches have also been pursued to mitigate cracks. Liu et al. [50] utilized a remelting 

strategy via a low laser energy density and a scan rotation of 90º to inhibit cracks. Lv et al. [23] utilized TiC 

nanoparticles to partially alleviate the local strain and to strengthen the grain boundaries. As a result, the 

TiC/CM247LC nanocomposite exhibited decreased sensitivity to cracking. Additionally, the ultimate 

tensile strength and yield strength was found to improve relative to the original chemistry. Nonetheless, the 

altered chemistry may also conversely compromise the material performance at high temperatures.  

Several studies focused on the interaction between the process parameter and the original alloy material. 

Consequently, the efforts to better understand the relationship between process parameter and the resulting 

solidification process, microstructure and part quality, have led to the development of an optimized set of 

LPBF parameters to achieve a crack free part. Liu et al. [17] explored a widespread combination of process 

parameters such as laser power, beam speed, scan strategy, layer thickness, and hatch spacing through the 

substantial number of fabricated dog-bone shaped samples and cubic geometrical samples. While there was 

no formal statement of a systematic experimental design employed, a process map was established with a 

parameter combination regime identified to ensure a high-density part. A low laser power for a small depth 

to width melt pool ratio was observed to reduce the grain misorientation, while a low hatch spacing was 

found to inhibit the crack propagation and instead promoted partial crack healing via remelting [17]. 

Moreover, an optimized process parameter set that resulted in a crack free part exhibited heightened UTS 

and ductility performance in contrast to LPBF fabricated CM247LC from previous studies [17]. Parameter 

optimization of the LPBF process can successfully lead to a significant reduction of cracks and the 

capability to produce crack free parts. However, it must be highlighted that due to the rapid cooling 

associated with the LPBF process, the precipitation and growth of the 𝛾′ phase is suppressed in the AB 

condition [14], [17], [20], [49], [50], [51]. As a result, to promote the precipitation and growth of 𝛾′ and 

reach the desired mechanical properties, AB samples are necessarily subjected to heat treatment.  The extra 

step further adds to the costs and extends the lead times of successful LPBF processing of CM247LC. 
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2.5 Alternative Strategy for CM247LC Processability– EBM Process Optimization  
EBM is a promising alternative for the fabrication of CM247LC. The high building temperature conditions 

is supplemented and maintained by the combination of vacuum and high preheating temperatures. In return, 

the conditions within the build chamber during the deposition process serves as an in-situ heat treatment in 

which alleviates the thermal gradient and residual stress experienced by a part during printing [9], [51], 

[52]. This can potentially ease the sensitivity to cracking and promote the successful processing of non-

weldable nickel superalloys. Moreover, unlike LPBF, the presence of 𝛾′ and carbides are inherent in the AB 

condition of EBM fabrication [7], [51].  This removes the need for post processing and expedites the lead 

times. Despite its potential merits, to the knowledge of the author, there exists little to no published work 

that focuses on the processability of CM247LC by EBM.  

For this study, the process optimization approach will be taken to investigate the processability of 

CM247LC by EBM. The EBM technique is a complex deposition process. The interaction between the 

electron beam heat source and powder particles give rise to a number of dynamic physical phenomena [4], 

[29], [53], [54]. The manner the interaction evolves, and the solidification process of the material is greatly 

influenced by the EBM process parameters. Furthermore, as mentioned previously, given the various 

parameters that exist, the selection of process parameters is further complicated by the given alloy 

properties. Therefore, a systematic process is central to better comprehending the parameter-material 

relation and to correlate the relationship with the cracking tendencies of CM247LC.  

A ground up understanding can be fostered through a scaling study of basic building block geometries. This 

step-by-step assessment includes single-tracks, single layer of multi tracks, and a multi-layer cube unit as 

seen in Fig. 2-6. Due to the time constraint of the research, this work only focuses on the first two listed 

building blocks. Their definition and significance are further elaborated in the proceeding sections. The use 

of statistical experimental designs can beneficially expedite the optimization process and the study of a 

given building block geometry. Similar to the process optimization by Liu et al. [17], Adegoke et al. [14] 

also conducted a process optimization for the processability of CM247LC by LPBF. The process parameter 

study employed a 33 full factorial design of experiment (DoE) where a reduced number of cubic samples 

were used to efficiently isolate the statistical significance and influence of the selected process parameters. 

In accordance, the interaction between power and hatch spacing was also found to be significant in the final 

crack density of fabricated part. Moreover, a process parameter window was established to limit the number 

of defects and specific energy density thresholds were found to mark the risk of void presence and the 

proclivity for cracking.  
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Figure 2-6. Process optimization process: the systematic ground up approach through the study of basic 
geometrical build units in EBM deposition 

2.6 Process Optimization: Single-Track Deposition 

The single-track can be considered as the most fundamental building block in the deposition process [8]. 

The cross section of the singular scan line enables an isolated view of the mesoscale product between the 

powder particle and electron beam heat source interaction. In other words, a simplified focus is provided 

on the generated volume of melted material. Several key details can be gleamed from the melt pool feature 

such as the fostered melt pool morphology, inherent microstructure, and the propensity for defects [8], [10].  

In elaboration, the study of the single-track is advantageous because their geometry is chiefly controlled by 

the primary process parameters such as beam current, speed, and focus offset [54]. Hence, the isolated 

examination fosters the comprehension of the relationship shared between process parameter, material 

solidification behavior, microstructure, and resulting part properties, such as crack susceptibility [4], [8], 

[54]. By leveraging on such insights, unstable and poor quality tracks can be avoided. Thereby, the further 

propagation of defects through subsequent stacking of a compromised track is also prevented.  

Hu et al. [55] deposited single-tracks with various beam power and speed combinations in an attempt to 

optimize the processability of SS316L deposition by LPBF. The endeavor led to the development of a 

process parameter window to help navigate through the different track states as seen in Fig. 2-7a. Moreover, 

the cross-sectional analysis revealed defect patterns linked with certain melt pool morphology. Porosity was 

commonly found to be associated with a deep melt pool (e.g. keyhole) (Fig. 2-7b) while an apparent edge 

cavity was connected with the use of high laser power and speed (Fig. 2-7c) [55].  
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Figure 2-7 (a) Process parameter window for single-track stability where region A marks lack of fusion 
tracks, region B labels discontinuous tracks, region C covers continuous and unstable tracks, and region D 
indicates continuous and stable tracks. (b) Keyhole porosity associated with keyhole melt modes (c) edge 

cavity associated with melt pools deposited by high laser power and speed [55]. Note a slight 
modification was done in (a) for the sole purpose of improved clarity. CC-BY 

 

In a separate single-track study, the correlation between process parameter, microstructure, and cracking 

were shown. Chen et al. [56] systematically studied the processability of tungsten in LPBF by scaling the 

build geometry, starting with single-track deposition. Fig. 2-8 depicts a side-by-side scanning electron 

microscopy (SEM) and electron backscattered diffraction (EBSD) image comparison of single-tracks with 

a constant beam power of 350W and decreasing beam speed [56]. As the speed is reduced, the melt pool 

size along with the proclivity for a crack to occur increased [56]. The crack extended across the top surface 

to the bottom boundary of the melt pool. The EBSD results also enabled a better understanding of the crack 

behavior where the location of the crack occurrence and propagation was found to coincide along the 

formed grain microstructure centerline within the deposited melt pool. Separately, the decrease in beam 

speed was also found to facilitate larger grain sizes within the central melt pool region.  
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Figure 2-8. SEM and EBSD images of LPBF deposited tungsten single-tracks where power is constant at 
350W and laser speed increases from 200-600 mm/s at a 100 mm/s interval [56]. CC-BY-NC-ND 

2.7 Process Optimization: Numerical Thermal Simulation  
The high temperatures of an EBM build chamber and sensitivity of an electron beam makes it difficult to 

include an in-situ characterization instrument. As a result, this poses a challenge to quantitatively 

characterize and follow the ongoing solidification process and the spatial-temporal thermal evolution of 

each scan track. An extensive number of studies have alternatively resorted to the use of numerical models. 

Several examples used to study the EBM solidification process include grain evolution models such as 

cellular automata method [57] or computational fluid flow models via Lattice Boltzmann method [41]. 

However, finite element method (FEM) is a less computationally intensive method that has been more 

widely used for the study of melt pools and their thermal history [27], [28]. Their implementation enables 

the extraction of thermal variables that describe the solidification process such as the solidification rate, 

thermal gradient, and the cooling rate. Consequently, modelling efforts can effectively serve in a 

supplementary role to help elucidate experimental findings from sample characterization as well as reduce 

the number of sample trials required. Beneficially, resources and waste are efficiently managed in contrast 

to an exhaustive trial and error experimental method [27], [28].   

The foundation of thermal numerical models centrally employ Fourier’s law of heat conduction and the 

conservation of energy to study the transfer of heat within the system [27], [28], [58]. The simulation has 

several key elements which includes the powder layer and solid substrate geometrical domains, a heat 

source model that represents the electron beam, and the modelling of material properties for the powder 

and solid bulk phase.  
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The analysis of heat transfer involves certain assumptions to be made in each involved element. On the 

application of Fourier’s law of heat conduction, the role of fluid flow (e.g. Marangoni convection) is ignored 

and perfect wetting is also assumed [27], [59], [60]. [61]. Separately, in the consideration of heat lost, certain 

process mechanisms can be overlooked. Shen and Chou [59] and Cheng et al. [60] ignored the convective 

heat lost between the chamber environment and powder layer surface due to the high vacuum conditions of 

the build process.  

For the geometrical domain, the powder particle layer is commonly treated as a single continuum as oppose 

to individualistic particles to simplify the required computational power and time [27], [28], [58]. In 

addition, different mesh schemes can be applied over the powder and bulk substrate geometrical domain. 

Riedlbauer et al. [58] utilized an adaptive mesh scheme where finer mesh sizes was applied for regions in 

closer proximity to the traversing heat source while a coarser mesh sizes was utilized for regions further 

away from the incident beam. Therefore, with a rougher approximation applied in non-interested regions, 

computational efforts can be conserved. 

Analytical models are used to represent the applied heat source. The various heat source models make 

assumptions about the shape and the energy distribution character of the beam. Shen and Chou [59] 

employed a conical heat source with a Gaussian energy distribution that linearly decays with increasing 

penetration depth. An et al. [62] similarly used a conical heat source and incorporated a parabolic decay 

with increasing depth. A Goldak double ellipsoidal heat source model was also employed separately where 

the energy exponentially decays from the beam origin and the three dimensional heat distribution is 

controlled by the beam dimensional parameters of width, depth and the lengths of the front and rear 

section[62]. In contrast to volumetric heat source models, Ding et al. [29] employed a Gaussian heat source 

model that exponentially decays with increasing radial distance. Another category of heat source model 

derives its energy distribution based on Monte Carlo simulations that study the trajectory and kinetic energy 

levels of individual electrons from an electron beam after each collision with the power particles 

constituting the powder bed. This type of heat source model was seen in the work done by Le et al. [63], 

Yan et al [64], and Galati et al.[65].  

Within the model, the material properties of the solid bulk phase and the solid powder bed phase must be 

distinguished from one another. The separately defined material properties are an integral part of dictating 

an accurate thermal response output of an evolving heat transfer study. Several simulation setup adopt the 

simplification of material properties such as thermal conductivity, specific heat, and density to be constant, 

and therefore assume a lack of temperature dependency [53], [61], [58]. In contrast, other studies have 

described the temperature dependent material properties through the tabulation of experimental results or 
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use of a model in attempts to better approximate the behavior of the material and more accurately study the 

heat transfer evolution [29], [59], [60], [66]. 

Ding et al. [29] set up a thermal simulation via finite element analysis to study the thermal response behavior 

and the solidification conditions of IN718 single-tracks by EBM deposition. Fig. 2-9a-d illustrates the 

spatial-temporal evolution of the temperature distribution for a given process parameter. Additionally, the 

model was used to simulate the melt pool dimensions as seen in Fig. 2-9e-g [29]. The melt pool boundaries 

are demarcated by temperature regions that exceed the liquidus temperature of 1336ºC [29]. The predicted 

width and depth were compared to the dimensions associated with the experimental single-track in order to 

assess the validity and accuracy of the thermal simulation prediction. Ultimately, the results helped to 

underline the influence of heat input by process parameters on the material behavior as described by the 

extracted melt pool morphology and solidification variables such as thermal gradient, solidification rate 

and cooling rate.  

Figure. 2-9 (a)-(d) Isolated timeframes of thermal simulation that highlights melt pool evolution over time 
for a beam power of 400 W, speed of 300 mm/s and preheat of 1025degC;(e)-(g) thermal simulation 
prediction results of the melt pool dimensions for EBM various process parameter combination [29]. 

Permitted for reproduction by Elsevier. 

2.8 Process Optimization: Multi-track Deposition 
With the objective of a ground up optimization process, the next progression is the geometrical shift from 

a single-track to multiple tracks in a single layer. The multi-track build geometry focuses on the lateral 

arrangement of successively stacked single-tracks. As a given track is deposited and undergoes the 

solidification and cooling process, an adjacent neighbouring track can be simultaneously deposited. To 

properly facilitate fusion and a solid mechanical bond between tracks, a sufficient degree of overlap must 

be ensured [8], [47]. The track overlap implies the partial remelting and resolidification of previously 

solidified melt pools [8]. As a consequence, the local thermal conditions are disrupted, and its spatial-

temporal evolution are further complicated [39]. In addition, the degree of track overlap and extent of 

repeated heating can impact the rate at which heat is accumulated and dissipated within a given unit volume 

[47].  
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In this work, the scan strategy and track scan length were kept constant. Accordingly, by using an optimized 

parameter set that facilitates a stable single-track with a mitigated crack susceptibility, the multi-track build 

geometry methodically introduces the line offset parameter that controls the extent of track overlap 

experienced within a single layer of multi-track [8], [40], [47]. By varying the line offset parameter, a closer 

analysis on the effects from a freshly deposited track and their interaction with previously deposited track 

can be fostered [53]. This facilitates a further expansion on knowledge of EBM process parameters 

significance. Specifically, the influence of line offset on the resulting single layer surface quality, 

microstructure, and crack behaviour can be better comprehended. In addition, the controlled scaling of the 

number of successive tracks can supplementary further the understanding on thermal evolution within the 

development of a single layer.  

Chen et al. [67] studied the significance of process parameters on LPBF processability of SS316L and 

CuSn10 multi-material parts. Basic building geometries such as multi-tracks were used to study their impact 

on the deposited melt pool characteristics. Fig. 2-10a-o highlights the effect of hatch spacing on the varying 

degree of overlap percentage of successively scanned single-tracks in a single layer [67]. Consequently, the 

analysis of the line offset variation on the microstructure led to the conclusion of four different crack 

behaviours. These include the formation of crack isolated within a given melt pool, crack propagation across 

the meltpool track boundaries, crack propagation into the substrate where deposition occurs, and crack 

formation from copper penetration into iron regions (Fig. 2-10p) [67].   

Figure 2-10. (a)-(i) Laser confocal microscopy images and (j)-(o) SEM microscopy images of LPBF 
deposited SS316L/CuSn10 multi-track with varying hatch distance (indicated by T) but fixed layer 

thickness (H), laser power, and scan speed; (p) Graphical illustration of the identified crack mechanisms 
[67]. Permitted for reproduction by Elsevier. Note, the samples are in the etched condition after treatment 

by Keller’s reagent. 



 
 

20 

2.9 Summary 
The CM247LC nickel superalloy poses significant challenges for part fabrication due to its proclivity 

towards cracking as a non-weldable material. Under the domain of laser powder bed fusion, its 

processability has been more widely explored where both creative and traditional approaches have been 

undertaken to address the cracking issue. Despite their attempts, the successes are associated with 

compromises made with regards to its original composition and material properties or extended lead times 

due to additional post processing. On the other hand, electron beam melting is an underexplored alternative. 

The differences in its deposition process provides several advantages and positions EBM as a prospective 

candidate to mitigate the crack susceptibility of CM247LC. To properly assess the processability of 

CM247LC by EBM, an understanding between the EBM process parameters and the solidification process 

is essential. The use of experimental single-tracks and multi-tracks can foster a ground-up understanding 

of the overall deposition process by providing a breakdown of the complex thermal cycles. In a 

supplementary role, when conjointly utilized with experimental work, modelling and a design of experiment 

format can beneficially optimize resources (e.g. material, time, and cost) and further detail certain 

conclusions. Ultimately, this structured study can foster a comprehension and better define the relationship 

between process parameters, deposition quality, microstructure, and cracking behavior of EBM processed 

CM247LC. To the own knowledge of the author, such a ground up and detailed investigation of CM247LC 

via EBM deposition has not been previously performed, yet it is a necessary study in order to ultimately 

achieve crack-free parts.  
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Chapter 3. Experimental Single-Track Study: On the Effect of Fundamental 
Process Parameters  

3.1 Introduction 
The EBM process involves a fleeting microscale interaction between metal powder particles and a focused 

beam of highly accelerated electrons. This interaction triggers a complex interplay of physical principles 

governing the solidification, including heat transfer, phase change, fluid dynamics, and metallurgical 

transformations [27], [53], [54]. The complexity escalates with the three dimensionality of the designed 

print: a single layer involves the lateral overlap of individual melt tracks, while the bottom-up fabrication 

includes the vertical stacking of melt layers. This further leads to iterative cycles of melting and cooling. 

With the use of high-energy process parameters, the cumulative effect can induce large thermal stresses 

within a part and give rise to potential cracking [24]. Conversely, insufficient energy may cause defects. 

Hence, it is necessary to breakdown the fabrication process and its complex thermal evolution in a 

systematic step to better understand the effects of process parameter on the solidification process and reach 

the desired part quality and properties.  

The single-track is the basic building block in the powder bed process, whereby multiple units are 

overlapped to create a single layer. In this regard, the stability of the deposited single-tracks is vital as non-

uniform and incoherent tracks can result in dimensional inaccuracies while tracks prone to defects (e.g. 

pores or cracks) may promote defect propagation in subsequent layers. Additionally, cross sectional analysis 

of a single-track can also reveal the morphology and size of an individual melt pool, which can be difficult 

to observe in a scaled-up parts due to the track overlap. These elements hint on the solidification conditions, 

and thereby the inherent cracking tendencies and initial microstructure formed [8], [10], [54], [29]. The 

corresponding stability and solidification conditions of a single-track is dictated by primary process 

parameters controlling the direct energy input. For the EBM process, this includes the beam current, beam 

scan speed, and the beam size [54]. The beam size is managed by the focus offset parameter whereby a 

user-defined current is applied to the electromagnetic lens to adjust the focal point of the beam [54]. By the 

use of single-tracks to isolate and study the effects of primary process parameters, the opportunity to 

develop a foundational understanding on the ground level of the multi-scale process can be established.  

This chapter aims to investigate the effects of primary process parameters such as beam current, scanning 

speed, and focus offset on the melt pool size and geometry of EBM deposited CM247LC single-tracks. 

Subsequently, the study explores the correlation of the resulting initial microstructure and cracking 

tendencies associated with the basic building unit. The results will foster comprehensive insights into the 

interplay of process parameter, microstructure, and cracking relationship, enabling the identification of an 

optimal parameter set to minimize cracking in the nonweldable nickel superalloy.  
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3.2 Materials and Methods 

3.2.1 Print Setup 

This investigation utilizes argon gas atomized CM247LC powder as provided by Höganäs. The particle size 

distribution of the metal powder ranged from 45-150 µm. Table 3-1 lists the chemical composition of the 

powder. It should be noted that feedstock material is comprised of re-used powder.  

Table 3-1. Chemical Composition of CM247LC powder 

Element Al B C Co Cr Fe Hf Mo Ta Ti W Zr Ni 

Wt% 5.60 0.01 0.06 9.30 8.00 0.03 1.30 0.50 3.20 0.08 9.70 <0.01 Bal. 

The design of the print file was prepared on Magics and the design file was printed by Arcam A2X EBM 

system. The printer uses the conventional tungsten filament for thermionic emission of electrons and 

subsequently an acceleration voltage of 60 kV was applied. The build conditions include the use of a 304 

stainless steel build plate and a partially filled helium vacuum atmosphere of ~2x10-3 mbar during 

fabrication. A preheating temperature of 1000C and a layer thickness of 70 m was used. 

Substrates with the dimensions of 20× 10× 3 mm× mm× mm were fabricated with beam current, speed, 

focus offset, and line offset values of 13.5 mA, 1500 mm/s 20 mA and 0.12 mm, respectively. Subsequently, 

the single-tracks were printed on the substrates with a track length of 20 mm as seen in Fig. 3-1. The support 

and substrate component were included to ease post processing. The substrate also helped to avoid 

undesired dilution effects from the interaction between the build plate and deposited tracks. 

 

Figure 3-1. (a) Schematical design of single-track deposition on substrate and (b) image of final single-
track build 
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3.2.2 Design of Experiment  

Minitab Statistical Software was used to structure a design of experiment (DoE) in order to systematically 

study the isolated and interactive effects of the three primary process parameters. For each parameter, three 

levels were used to set up a 33 full factorial DoE. The first factor of current includes three magnitude levels 

of 5, 8, and 11 mA. The beam scanning speed included 300, 800, and 1200 mm/s, and the beam focus offset 

included 10, 20, and 30 mA. The parameter combinations are listed in Table 3-2. Each unique combination 

was utilized for three repetitions. The secondary process parameter, linear energy density (LED), is the ratio 

of beam current and scanning speed. This serves as a holistic measure of the direct energy density input for 

single-track context. However, a secondary process parameter like such in EBM is limited by the exclusion 

of the beam size (e.g. focus offset) as the direct relationship is guarded by proprietary confidentiality.   

Table 3-2. Process Parameters Combinations of Fabricated Single-Tracks 

Sample Focus Offset 
[mA] 

Beam Current 
[mA] 

Beam Scanning Speed 
[mm/s] 

Linear Energy Density 
[J/mm]  

1 20 5 1200 0.25 
2 30 5 800 0.38 
3 30 11 300 2.20 
4 10 8 300 1.60 
5 10 11 800 0.83 
6 20 8 800 0.60 
7 30 5 1200 0.25 
8 20 5 800 0.38 
9 20 8 300 1.60 

10 10 8 800 0.60 
11 30 8 300 1.60 
12 10 5 800 0.38 
13 20 8 1200 0.40 
14 10 11 300 2.20 
15 30 8 800 0.60 
16 10 5 1200 0.25 
17 20 5 300 1.00 
18 30 11 800 0.825 
19 20 11 1200 0.55 
20 10 5 300 1.0 
21 20 11 300 2.20 
22 30 8 1200 0.40 
23 30 5 300 1.00 
24 30 11 1200 0.55 
25 10 8 1200 0.40 
26 20 11 800 0.83 
27 10 11 1200 0.55 
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3.2.3 Sample Preparation and Characterization 

The fabricated parts were marked into three equidistant sections and segmented by a Struers 50A25 grade 

cut-off wheel blade equipped on Struers Labotom-5 abrasive cut-off saw. For each of the three track 

repetitions, the top and bottom cross sections were used for the statistical analysis of this study. The cross 

sections were hot mounted using a Stuers CitoPress-5 and Struers PolyFast hot mounting resin. 

Subsequently, the Labopol-20 was used to grind the mounted cross sections. The metallographic preparation 

proceeded by a systematic progression of silicon carbide grinding papers from FEPA P grit sizes of 80, 120, 

320, 500, 800, 1200, 2400, and 4000. The mounts were polished using a Buehler VibroMet 2 Vibratory 

Polisher with a Buehler MasterPrep alumina polishing suspension media. The polishing process was carried 

out for a duration of four and a half hours. The samples were then etched with a Glyceregia mixture 

comprising of 5 mL of glycerol, 5 mL of nitric acid, and 25 mL of hydrochloric acid.  

The surface topography of the middle cross section was evaluated by the Keyence VK-X250 Laser 

Profilometer to quantitatively assess the track stability. In addition, the Keyence VHX-7000 digital optical 

microscopy (OM) was also used to provide an overview of the single-tracks through stitch images of 40x 

magnification. The individualistic cross sections were also captured with a 300x magnification under two 

sample conditions. First, cross sectional images of the tracks in a pre-etch condition was taken to assess the 

extent of cracking within the melt pool. Second, cross sectional images of the tracks in the etch condition 

was taken for melt pool geometrical analysis and microstructure analysis. The measurement analysis was 

conducted using the ImageJ software. TESCAN Vega3 scanning electron microscopy (SEM) equipped with 

a Bruker eflash FS detector for electron backscattered diffraction (EBSD) analysis was used to investigate 

the microstructure of the EBM deposited CM247LC single-tracks.  

3.3 Results and Discussion 

3.3.1 Assessment of Track Quality - Surface Topography 

The combination of 27 process parameter sets and 3 replications resulted in 81 EBM deposited single-tracks. 

To study the effects of process parameters and define a set of optimal process parameters, an evaluation is 

firstly made on the overall track quality. This is assessed through the criteria of track coherency and stability. 

The first criterion is defined based on the track continuity. The second criterion is based on the uniformity 

and the prominence of defect instabilities within the track body.  

The middle segments of selected single-tracks were observed under a laser profilometer and the 

micrographs in Fig. 3-2 give a topographic overview of the track surface. In general, it is observed that a 

higher energy input by a higher LED or a more focused beam, fosters a continuous and uniform track body. 



 
 

25 

In contrast, as the supplied energy density is lowered by means of a defocused beam or LED, the coherency 

and quality of the track faces degradation. This is prominently shown in samples with a LED level of 0.400 

J/mm and the sample parameter combination of 30 mA focus offset and 0.825 J/mm LED level. The listed 

samples exhibit non-uniformity through a fluctuating track width. Furthermore, instabilities in the form of 

balling are seen to exist in regions not only limited to the track edges but also in the center body causing 

elevated regions as highlighted by concentration of red zones. The increased presence of balling defects is 

attributed to the insufficient energy density supplied to melt the previous layer in order to lower the surface 

tension for spreading during the deposition process [53], [54]. Thus, the melted particles instead coalesce 

to minimize its surface area and its surface energy, leading to the shown balling defects [53], [54]. At the 

critical energy density input such as the process parameter combination of 0.400 J/mm LED level and 30 

mA focus offset, the deposited track exhibits both balling defects and lack of fusion defects.  

Figure 3-2. Surface topography overview of selected process parameter combinations for the assessment 
of build quality based on track coherency and stability. 

As the overall build is dependent on the single-track quality, a suitable process parameter window is needed 

for the deposition of continuous and uniform tracks and to avoid a compromised track quality. A quality 

grade was assigned to each track replicate based on a qualitative evaluation of the stitched optical images 

encompassing the entire track span. The definition of the quality grade is based on the permutations of the 

two aforementioned criteria. This is listed in Table 3-3 and track examples are depicted in Figure 3-3.  
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Figure 3-3 Track examples of defined track quality grades.  

Table 3-3. Definition of Track 
Quality Grade 

Grade Definition 
A1 Continuous + uniform 

A2 Continuous + non-uniform 

B1 Discontinuous + uniform 

B2 Discontinuous + non- uniform 
 

The established process parameter window is defined in Fig. 3-4. The more extensive qualitative assessment 

on the process parameter formula and track quality showed similar patterns that were highlighted by the 

laser profilometer. A high energy input such as a slow current and speed combinations fostered a coherent 

and uniform track. In addition, a low energy input and higher focus offset facilitated a discontinuous track 

due to insufficient energy for melting. Meanwhile, observed track irregularities in the form of fluctuating 

track widths and track necking lend to the non-uniformity within a continuous track. A high beam velocity 

was observed to be a shared factor in the tracks that classified as B2. The onset of these instabilities by high 

beam velocities is a consequence of Plateau-Rayleigh instability and asymmetric coalescence in the 

longitudinal and lateral direction within the melt flow [68], [69], [70], [71], [72].  

Figure 3-4. An established process parameter window for acceptable track quality based on the criteria of 
continuity and uniformity.  
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3.3.2 Microstructure of EBM Processed CM247LC: Melt Pool Geometry  

3.3.2.1 Geometric Comparison of Melt Pools  
The melt pool geometry is equally critical, as it governs the solidification conditions that facilitate grain 

microstructure development, the formation of inherent defects, and ultimately the overall performance and 

associated property of the fabricated part [10]. Fig. 3-5 presents multiple scatterplots of OM images 

corresponding to the cross section of individual single-tracks. This arrangement of chemically etched melt 

pools provides a visual comparison of their shape and size. The cross comparison simultaneously highlights 

the effects of different beam current-velocity-focus offset permutations. Likewise, Fig. 3-6 quantitively 

highlights the effect of LED and focus offset on the melt pool geometries in terms of width, depth, and 

aspect ratio as defined by the depth to width ratio. The optimal melt pool morphology will be discussed in 

later sections. 

From Fig. 3-5 and Figs. 3-6a-b, at a constant focus offset, an increase in LED, e.g. by lowering beam speed 

or increasing current, leads to an increase in the width and depth. This is due to the greater heat flux 

available for melting. Conversely, an increase in the focus offset facilitates the melt pool to adopt shallower 

and wider dimensions. The dimensional shift is evidently emphasized by the qualitative comparison of Fig. 

3-5, moving vertically downwards from Figs. 3-5a-c. The increase in focus offset leads to a greater amount 

of current supplied to the electromagnetic lenses in order to shift the focal point of the incident electron 

beam. This adjustment alters the beam from a finely concentrated spot size following a sharp gaussian 

energy distribution to a diffused spot size of a broadened energy curve character [30], [31]. In this respect, 

the observed melt pool morphologies of the focus offset 30mA subset reflect the reduced beam penetration 

ability and a larger areal spread of lower energy intensities [31]. For Figs. 3-6a-b, the defocusing of the 

beam translates into a curbed growth rate of melt pool depth and an elevated growth rate of melt pool width 

as LED is increased.  

In Fig. 3-6c, the aspect ratio of the melt pools and LED confirms a positive correlation, whereby the melt 

pool aspect ratio increases with greater LED magnitudes. Since the increase in LED exhibits an increase in 

the melt pool width and depth from Fig. 3-6a-b, the increase in aspect ratio indicates that the growth rate of 

the melt pool depth is greater than the growth rate of its width with increasing LED. On the other hand, the 

growth rate of the aspect ratio is curbed with a more defocused beam. Consequently, the focus offset 

parameter can be considered as an effective tool for constricting and shifting the process window of the 

achievable melt pool aspect ratio to be deposited by beam current and speed combinations, as illustrated in 

Figs. 3-6d.  
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Figure 3-5. Scatterplot overview for a qualitative comparison of melt pool geometries corresponding to 
different beam current-speed combinations under the focus offset of (a) 10mA, (b) 20mA, (c) 30mA 
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Figure 3-6. Quantitative comparison of the effects of linear energy density on (a) melt pool width, (b) 
melt pool depth, (c) melt pool aspect ratio, and (d) the effect of focus offset on melt pool aspect ratio 

Based on the shallow semicircular shape displayed in Fig. 3-5, most melt pools exhibit a conduction melt 

mode, where the melting process is driven primarily by heat conduction between the incident beam and the 

surface layer due to a lower energy density [8], [73]. However, for process parameter combinations of 8 

mA and 11 mA beam current, velocity of 300 mm/s, and focus offset of 10 mA, the melt pool geometry 

shifts towards a near-conical shape with a comparatively deeper depth. In contrast, at the other end of the 

melt mode spectrum, the keyhole mode occurs under high energy intensity, promoting metal vaporization 

and recoil pressure [73], [74]. This results in a narrow, significantly larger melt pool depth relative to its 

width [73], [74]. The keyhole and conduction melt modes can be distinguished by the aspect ratio when 

values greater than 0.5 indicate keyhole mode, and values less than 0.5 indicate conduction mode [74]. 

Accordingly, Fig. 3-6c shows that the previously identified melt pools corresponding to 8 mA and 11 mA 

follow a keyhole melt mode with an aspect ratio of 0.60 and 0.64, respectively.  

3.3.2.2 Statistical Analysis of Primary Process Parameter Effects 
With the DoE format, statistical analysis in the form of Analysis of Variance (ANOVA) highlights the 

individual and interactive effects of the primary process parameters on the melt pool depth and width. Table 

3-4 and Table 3-5 display the ANOVA results with a confidence interval of 95%. The statistical metrics of 

the p-value and F-value relative to Fcrit highlights the statistical significance for each source of variance. 

For p-value < 0.05, the source of variance is considered significant. For the F-tests, the significance 

condition relative to random error is when the F-value is greater than Fcrit. The sum of squares (SS) 
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highlights the degree in which each source of variance influences the dependent result such as the melt pool 

width and depth. Therefore, by using the percentage of individual SS contribution relative to the total SS, 

the details on the significance of individual or interactive effects of the primary process parameters can be 

better grasped.  

The regression model for Table 3-4 yields an adjusted R2 value of 0.96, highlighting an excellent fit between 

the model and experimental data, effectively capturing changes in the dependent variable due to the sources 

of variance. The p-values and F-test results confirms that the individual and interactive effect of beam 

current, scanning speed, and focus offset are statistically significant for melt pool depth. However, the 

adjusted SS contribution of scanning speed (46.12%) reveals it has a greater influence on melt pool depth 

compared to focus offset (15.24%) and beam current (12.56%). The interactive effects, in contrast, show a 

lesser extent of influence. 

Table 3-4. ANOVA summary for the effects of primary process parameters on the melt pool depth  

Variance Sources 
 

Degrees of 
Freedom 

(dF) 

Adjusted 
Sum of 

Squares (SS) 

Adjusted 
Mean Square 

(MS) 
F-value P-value Fcrit 

Percentage 
Contribution 

by SS (%) 

Individual 
Factor 

Focus Offset 2 192047 96024 140.96 0.000 3.17 15.24 

Beam Speed 2 581065 290532 426.51 0.000 3.17 46.12 

Beam Current 2 158304 79152 116.2 0.000 3.17 12.56 

Two-way 
interaction 

Focus Offset * 
Beam Speed 4 96249 24062 35.32 0.000 2.54 7.64 

Focus Offset * 
Beam Current 4 27186 6796 9.98 0.000 2.54 2.16 

Beam Speed* 
Beam Current 4 91750 22937 33.67 0.000 2.54 7.28 

Three-way 
interaction 

Focus Offset* 
Beam speed* 
Beam current 

8 17619 2202 3.23 0.005 2.12 1.40 

Error 51 34741 681 

 
Total 77 1259903 

 

The model used to study the effects of the primary process parameters on the melt pool width showed an 

adjusted R2 of 0.88. This shows a relatively weaker ability to capture the individual and interactive effects 

of the independent variables. The p-value and F-test values indicate that the two-way interaction of beam 

speed and beam current and the three-way interaction of focus offset, beam speed, and beam current was 

not statically significant in the width variation. The remaining individual and two-way interaction of the 
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independent variables were found significant. Similar to melt pool depth, the percentage contribution by 

adjusted SS reveals beam speed (48.82%) has a larger contribution in leading the variance of width. The 

contribution ranking is then followed by beam current (27.74%) and focus offset (6.60%). The lesser SS 

contribution by focus offset contrasts with the qualitative and quantitative observations. The normal 

probability plot and the residual versus fits plot can explain the disagreement as slight deviations at the tail 

ends from normality and observed minor heteroscedasticity in the form of a wide to narrow funnel shape 

was observed respectively. This could possibly be attributed to the width measurement outliers such as track 

samples fabricated with higher beam speeds that lead to an inconsistent track with lack of fusions. The 

employment of a weighted regression or removal of outliers can be done in the future to address this issue. 

Table 3-5 ANOVA summary for the effects of primary process parameters on the melt pool width  

Variance Sources 
 

Degrees of 
Freedom 

(dF) 

Adjusted 
Sum of 

Squares (SS) 

Adjusted 
Mean Square 

(MS) 
F-value P-value Fcrit 

Percentage 
Contribution 

by SS (%) 

Individual 
Factor 

Focus Offset 2 243067 121533 21.47 0.000 3.17 6.60 

Beam Speed 2 1797519 898760 158.77 0.000 3.17 48.82 

Beam Current 2 1021131 510566 90.2 0.000 3.17 27.74 

Two-way 
interaction 

Focus Offset * 
Beam Speed 4 63632 16158 2.85 0.033 2.54 1.73 

Focus Offset * 
Beam Current 4 73123 18281 3.23 0.019 2.54 1.99 

Beam Speed* 
Beam Current 4 5721 1430 0.25 0.907 2.54 0.16 

Three-way 
interaction 

Focus Offset* 
Beam speed* 
Beam current 8 34117 4265 0.75 0.645 2.12 0.93 

Error 51 288694 5661 

 
Total 77 3681618 

 

3.3.3 Defects 
The 27 different process parameter conditions created tracks with different forms and severity of defects. 

An emphasis is placed in selecting a process parameter combination that is not prone to defects as 

accumulative stacking of a defect prone track can compromise the part quality and debilitate the part 

performance. In this section, OM and SEM micrographs are used to identify the various defects and their 

locations within the deposited melt pool. A brief discussion of the mechanisms that give rise to the identified 

defects are discussed. Subsequently, the degree of cracking is also quantified.   
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3.3.3.1 Identification of Defects in EBM Processed CM247LC  
The SEM micrographs in Fig. 3-7 identifies the defects observed in the EBM deposited single-tracks of 

CM247LC. In Fig. 3-7a, the first type of defect is characterized by its irregular shape and an incomplete 

bonding appearance. This is indicative of lack of fusion defects that occur due to inconsistent melting 

prompted by low energy densities [8], [13], [75], [76]. 

Figure 3-7. SEM micrographs for the identification of defects such as (a) lack of fusion and gas porosity 
at 173x, and solidification cracks, liquation cracks, inter-dendritic porosity, and shrinkage pores at (b) 

1.5kx in etched condition and (c)-(e) at 1.2 kx magnification in the pre-etch condition. 

The second category of defects consists of pores where further subdivisions can be made according to their 

location and shape. The first subdivision includes gas porosities. This can be identified in Fig. 3-7a by their 

spherical characteristic. This morphology may stem from the internal porosities in the initial powder 

particles as a result of the atomization technique used for powder production [13], [75]. These gas porosities 

have a tendency to be randomly distributed [13]. In addition, the process parameters fostering high 

solidification rates have been found to increase the presence of gas pores as it reduces the timeframe in 

which pores are able to coalesce and escape to the melt pool surface [75].  

Another subclassification of porosity include a chain of pores aligned along the inter-dendritic zones (Figs. 

3-7c, e and Figs. 3-8a, b). The formation mechanism of such shrinkage pores occurs during dendritic growth 

as primary dendrites grow parallel in the most favourable direction [77]. As solidification progress, 

secondary dendrites can also grow along the sides of primary dendrites, in a perpendicular manner to the 

growth of primary dendrites [77]. In the final solidification stages, the dendrites can coalesce with other 

dendrites and effectively shut off the metal liquid feeding into the inter-dendritic spaces [13], [77]. Within 

the isolated space, the remaining solidifying liquid will contract and shrink in volume [13], [77]. Due to the 
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insufficient liquid feeding to counterbalance the volume contraction, shrinkage pores are formed [13], [77]. 

This porosity has been claimed to be typical for high linear energy densities [77]. Nonetheless, there is a 

low concern as these shrinkage pores are commonly found in the top regions of the melt pool and can be 

remelted in future layers with an appropriate selection of layer thickness and melt pool.  

The third subdivision include irregularly shaped pores that are restricted to along the melt pool boundary 

delineating the partially melted zone and fusion zone (Figs. 3-7b, d-e). These pores also occupy the inter-

dendritic spaces but would not be able to be remelted in future layers. The root cause of this porosity type 

cannot be discerned between gas entrapment or shrinkage by volume contraction in the final phases of 

solidification [78]. However, this porosity is observed to be more common in wider and shallow melt pools, 

corresponding to higher focus offset and beam speeds. 

Figure 3-8. SEM micrograph providing a macro- and micro- scale view of defects at (a) 182x, (b)-(c), 
1.2kx 

Non-weldable nickel superalloys are prone to cracking. Consequently, this third category of defects was 

also observed in the cross section of the deposited tracks. The location and characteristic of the identified 

cracks in Figs. 3-7b-e and Figs. 3-8a,c highlights two dominant mechanisms, solidification cracking and 

liquation cracking. In general, both crack types involve an isolated liquid film where the source of liquid 

feeding is absent and excessive localized strains are experienced [79]. The former occurs in the fusion zone 

during the final phases of solidification [13], [50], [75], [80]. Similar to shrinkage pores, residual liquid can 

spread continuously along the grain boundary or inter-dendritic areas [13], [50], [75], [80]. The transition 

process of the liquid film into solid leads to a volumetric contraction, resulting in shrinkage strains being 

applied across the solidifying boundaries [13], [50], [75], [80]. Liquid feeding into the solidifying zone can 

compensate for the solidification strain [79]. However, the transport of liquid can be obstructed by the 

growing network of solidifying dendrites, potentially leading to the reduced ability or an effective shutoff 

of the liquid feeding benefits [79]. With solidification shrinkage compounded by the restraint associated 

with the mechanical properties of the surrounding bulk material, the growing rate and amount of strain 

sustained can lead to the tearing of the liquid film and result in a solidification crack [13], [50], [75], [80].  
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In contrast, liquation cracks occurs in the heat affected zone (HAZ) of the melt pool [50], [80]. A proposed 

mechanism follows solute or alloying elements to be concentrated along the grain boundaries within the 

HAZ, leading to localized area where the melting point is depressed [50], [80]. As the temperature is 

sufficiently elevated, the grain boundaries can partially remelt and result in the formation of a liquid film 

[50], [80]. Similar to solidification cracks, the liquation cracks ensue due to the experienced strain and 

mechanical restraint as the liquid undergoes volume contraction [50], [80]. Separately, the third porosity 

subclassification may also be an extension of liquation micro-cracking. It is worth highlighting that in 

certain cases, liquation cracks within the HAZ are seen to propagate into the fusion zone of the melt pool 

and transition into solidification cracks (Fig. 3-7e). However, in other cases, the propagation of liquation 

cracks into the fusion zone is inhibited (Fig. 3-8c). This phenomenon will be revisited in a later section. 

3.3.3.2 Cracking behavior of EBM processed CM247LC 

The severity of cracking was assessed through the average max crack length, average crack length and 

crack length density. Figs. 3-9a-b exhibit a general positive relationship between LED and the first two 

crack quantification outputs. The use of higher LED values generates melt pools with a greater volume and 

higher aspect ratio. This could imply a higher cooling and solidification rates causing a higher degree of 

mechanical restraint and imposed strain onto the volumetrically contracting melt pool during solidification 

[80]. Thus, this could lead to an increased intensity of cracking. On the other hand, a lower LED can also 

limit the span of the HAZ [80]. In limiting the region where liquation cracking is most susceptible to occur, 

the liquation cracking can be reduced [80]. These reasons could possibly help explain the lower severity of 

cracking are associated with lower LED values. 

Figure 3-9. The effect of line energy density on (a) average max crack length, (b) average crack length, 
and the effect of focus offset on (c) average max crack length, and (d) average crack length. 
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As focus offset has been previously demonstrated to be an effective tool in curbing the increase in aspect 

ratio, Fig. 3-9c-d also highlights the ability of focus offset to minimize the window of observed crack 

lengths. However, Fig. 3-9c-d also displays an expansion in the crack length window at the 30 mA focus 

offset value relative to the 20 mA focus offset. This can possibly be attributed to the larger widths facilitated 

by a 30mA focus offset. As oppose to a greater volume along the depth axis by a more focused beam, a 

defocus beam translates greater volume to be melted along the width axis and thereby still facilitates a 

similar increase in the restraint experienced [81].  

Fig. 3-10 studies the influence of the melt pool morphology on the severity of cracking through crack length 

density. The melt pools exhibiting a keyhole melt mode are isolated on the right side of the graphical plot. 

In the subsequent comparison, the two datapoints are excluded and sole focus is placed on the remaining 

melt pools achieved by a conduction melt mode. The dashed reference lines illustrate a weak negative 

correlation between aspect ratio and the resulting crack length density for the sample set of focus offset 20 

mA and 30 mA. A slight offset distance separates the two data groups from one another. The weak trend of 

both sample sets seemingly indicates an optimal melt pool aspect ratio for the given beam defocus and 

gaussian energy profile. 

Figure 3-10. Crack length density as a function of melt pool aspect ratio. Note, the purpose of the dashed 
lines is to serve as reference lines and not a line of best fit. 
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Two process parameter combination exhibited a significantly lower susceptibility towards cracking as 

reflected by the minimized crack length density. The first parameter combination corresponds to a focus 

offset, beam current and beam speed values of 10 mA, 5 mA, and 300 mm/s while the second parameter 

combination possessed values of 20 mA, 11 mA, and 300 mm/s in the same order. The associated crack 

length densities are 0.25 mm/mm2 and 0.36 mm/mm2 respectively. In addition, both combinations had a 

resulting melt pool aspect ratio within the vicinity of ~0.3. This indicates it is desirable to have a reasonably 

wide melt pool with a moderately shallow penetration melt depth. Fig. 3-11 depicts the cross section in the 

pre-etch and etch condition for the former process parameter combination that had shown the lowest 

cracking severity.  

Figure 3-11. Melt pools in the (a) pre-etch and (b) etch condition for process parameter combination of 
focus offset = 10 mA, beam current = 5 mA, and beam speed = 1200mm/s 
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3.3.4 Microstructure  
3.3.4.1 Microstructure - Gamma Prime 
The  𝛾′ precipitate is a key microstructural feature of non-weldable nickel superalloys that merits discussion. 

The SEM micrographs in Fig. 3-12 visually depicts the microstructural evolution of the fabricated part 

ranging from the single-track body (a) and the top (b), middle (c) and bottom section (d) of the substrate. 

Based on this qualitative comparison, an observed microstructural gradient in relation to the 𝛾′ is evident. 

In the single-track body, no 𝛾′ precipitate is evident. However, in the top section of the substrate, several 

sporadic clusters of very fine 𝛾′ precipitates are visible. At the middle and bottom section of the substrate, 

sub-micron spherical 𝛾′ precipitates with a uniform distribution are observed to predominantly cover the 

majority of the image area, with the bottom section displaying an increase in 𝛾′ precipitate size.   

Figure 3-12. SEM micrographs reveal microstructural gradient from (a) the single-track body, (b) few 
layers below the top surface of substrate, (c) middle of substrate, and (d) bottom of the substrate.  
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The precipitation and development of the 𝛾′ microstructure requires a temperature range lower than the 𝛾′ 

solvus temperature and a sufficiently low cooling rate since a high cooling rate leads to the kinetic 

suppression of the 𝛾′  precipitation [52], [82]. As the final melt layer, the solidification of the single-track 

body would have too high of a cooling rate to foster the precipitation of 𝛾′ [52], [82]. Hence, Fig. 3-12a 

concurs with the expectation of a lack of 𝛾′ found in this region [52], [82]. For the earlier deposited layers, 

these layers would have undergone an in-situ heat treatment stemming from the high temperature powder 

bed by a high temperature preheat and vacuum conditions [52], [82]. Moreover, with each subsequent layer, 

the in-situ heat treatment temperature is higher and treatment time decreases [52], [82]. This explains the 

smaller and more sporadically distributed 𝛾′ near the top of the substrate (Fig. 3-12b) while the middle (Fig. 

3-12c) and the bottom (Fig. 3-12d) of the substrate showed an increasing 𝛾′  size and homogenous 

distribution at a lower layer level [52], [82]. This microstructure gradient highlights the build height driven 

variations in layer thermal history, and thus its role in the precipitation and growth behavior of 𝛾′ [52], [48].  

Due to the lack of 𝛾′ in the single-track, no further characterization was done.  

3.3.4.2 Microstructure – Grain Structure 
The melt pool morphology can have an impact on the solidification conditions within the melt pool and in 

turn can influence the resulting grain microstructure and crystallographic texture  [10], [83], [84] , [85]. Fig. 

3-13 displays a comparison of EBSD grain maps while Fig. 3-14 displays a comparison of IPF map along 

the y axis, parallel to the build direction. A critical misorientation angle (𝜃) was defined to be 15°. For the 

low LED level, instead of the single-track with a LED level of 0.400 J/mm, the single-track associated with 

0.550 J/mm was used for the 30 mA focus offset group since tracks of lower LED levels were not suitable 

for comparison due to their discontinuity and poor stability stemming from a lack of fusion.  

Figure 3-13. EBSD grain mapping of EBM deposited CM247LC single-track 
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Within the melt pool, EBSD grain maps (Fig. 3-13) and IPF Y maps (Fig. 3-14) reveal grain development 

predominantly proceeds via epitaxial growth. From theoretical welding knowledge, this mechanism occurs 

when molten liquid, derived from the melting of powder particles, completely spreads along the substrate 

marked by the melt pool boundary [84]. This process reduces the energy barrier for the nucleation and 

enables the continual growth of the same grain and crystallographic orientation found in the preceding 

layers at the melt pool boundary [84], [85]. Fig. 3-13 demonstrates most of the grains follow a columnar 

grain morphology. This morphological type is reflective of a directional solidification driven by heat flux 

in a single direction, proceeding from a region of high temperature to a lower temperature region [83]. In 

the higher LED samples, the peripheral sides of the inner melt pool boundary are observed to possess a mix 

of fine columnar grains and equiaxial grains. Equiaxial grains can also be found in two separate occasions. 

The first can be seen in top left side of the melt pool in samples 21 and 24 where spatter is found to fuse 

with the melt pool. This was confirmed with OM images of the melt pool in the etched condition. On the 

other hand, sample 14 exhibits a cluster of equiaxed grains located in top center region of the melt pool. 

Homogenous nucleation could be used to elucidate its occurrence [86]. However, the most probable 

explanation is the onset of dynamic nucleation via dendrite/grain fragmentation mechanism where the 

convective flow of the transient melt pool facilitates the detachment of grains or dendrites. The surfaces of 

these detached grains or dendrites can serve as nucleation sites for the equiaxed grains [83], [84], [86]. 

Separately, in the case of low aspect ratio where the melt pool possesses a large width but shallow depth, 

the grain growth is physically restricted as indicated by the minimized elongation of the columnar grains. 

Figure 3-14. EBSD IPF Y maps of EBM deposited CM247LC single-track  
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Proceeding after nucleation, the grain growth stage is significant in the development of crystallographic 

texture. The orientation of the columnar grain growth has the tendency to proceed perpendicularly from the 

melt pool boundary in order to align itself with the vector of the maximum temperature gradient [84], [85]. 

However, grain growth is also dictated by its preferred crystallographic orientation where for the case of 

face centered cubic (FCC) metals such as nickel superalloys, the “easy growth” direction is in the <100> 

orientation, parallel to the build direction [80], [84]. These two stated conditions can be observed in Fig. 3-

14, with the preferential <100> orientation indicated by the red color. In the case of low aspect ratios, the 

near flat melt pool boundary enables the perpendicular direction of the melt pool boundary to be vertically 

aligned with the build direction. Therefore, a low misorientation between the thermal gradient vector and 

the easy growth direction is fostered. This agreement of the two conditions results in Samples 6, 13, and 15 

to display melt pools with a predominantly <100> texture. For the case of higher aspect ratios, the 

proportion of the center melt pool boundary, where the perpendicular direction of the boundary aligns to 

the vertical build direction, becomes progressively small. As a result, the fraction of grains with <100> 

orientation is effectively reduced. Alongside, as the aspect ratio of the melt pool evolves, the peripheral 

walls of the melt pool boundary become more steeply angled, resulting in a large misorientation between 

the vector of the maximum thermal gradient and the <100> easy growth direction. Thereby, the two 

conditions act in opposition with one another at the peripheral side walls and give rise to competitive grain 

growth, facilitating a higher amount of finer grain structures that nucleate and grow with varying preferred 

growth orientations along the melt pool boundary as seen in Sample 3, 14, and 21 [54], [87].  

The focus offset correlates to the resulting beam sharpness and energy distribution. Its influence on the 

crystallographic texture of a deposited melt pool can be observed. This trend is best observed as one keeps 

LED constant and move vertically upward along a EBSD map column in Fig. 3-14.  A high focus offset has 

been previously seen to exhibit a less intense electron beam where the gaussian energy curve is more 

broadly and uniformly distributed [30]. The resultant low thermal gradient thereby restricts grain 

competition and enables a weaker <100> texture as most prominently shown by samples 15 and 24. As 

focus offset decreases, implying the intensity of the beam increases and the electron energy distribution 

become much steeper, a larger thermal gradient is fostered. This results in a greater proportion of columnar 

grains to grow and orient along the <100> direction. The stronger <100> texture is seen in the melt pools 

of samples 13, 6, and 10. However, in the extreme of a highly intense and focused beam, the combination 

of a strong thermal gradient and greater melt pool boundary curvature from a higher aspect ratio facilitates 

the growth condition of grain alignment towards the thermal gradient to become more dominant. As such, 

the increase presence of misoriented grains and a weaken <100> texture is evident (Sample 25).  
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On the other hand, at constant focus offset or a fixed focal point, as one moves laterally from the left to the 

right of Fig. 3-14, it might be argued that the influence of LED follows a similar trend on crystallographic 

texture. Where the increase of LED, by example of current increase, facilitates a greater central 

concentration of energy within the electron beam, and results in a stronger thermal gradient and eventually 

a greater misorientation. However, the influence of LED on crystallographic texture is more complicated 

to decipher as the secondary process parameter of LED is the ratio of primary process parameters involving 

beam current and beam speed. For instance, a high thermal gradient could also be fostered by the use of 

high beam speeds that leads to a melt pool of low depth and width [4]. Therefore, further investigation such 

as through modelling would be needed in order to provide a better insight on the heat input by the beam 

and extraction towards surrounding solid volume in order to entangle the influence of print process 

parameters on solidification parameters of thermal gradient, and in turn the crystallographic texture.  

The grain structure can also be correlated to the previously discussed cracking behavior. For instance, in 

sample 24, solidification crack occurs at a high angle grain boundary (HAGB) (e.g. 𝜃 > 15°) along the 

centerline of the melt pool. In addition, a similar HAGB case is observed for the location of liquation 

cracking in sample 14. HAGBs are associated with high grain boundary energy that can preserve the liquid 

film and its stability at lower temperatures [17]. Thereby, HAGBs are considered susceptible sites for crack 

initiation and propagation [17]. With this in mind, to minimize the susceptibility of cracking, it would be 

desirable to limit the amount of HAGBs. This implies avoiding the use of melt pools with a significantly 

high aspect ratio. This was as previously seen by steep peripheral boundaries fostering greater competitive 

growth of misoriented grains due to competing orientation growth factors.  

A degree of propagation has been observed where liquation tracks in the HAZ are able to transition into 

solidification cracks in the fusion zone. However, in some cases such as the high LED samples of 3, 14 

(Fig. 3-8c), and 21, the propagation of liquation cracks is observed to be inhibited. As seen by samples of 

higher LED in Fig. 3-13, this inhibition can be credited to the finer grain structures aligned along the 

peripheral sides of the melt pool boundary. The grains, with a lower aspect ratio in the crack vicinity, allows 

for the strain to be better distributed along a larger number of grain interface and boundaries, and thereby 

reduces the localized stress [17]. This mechanism can serve as another effective manner to lower the degree 

of cracking.   
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3.4 Summary  
A single-track experiment, designed using a 33 full factorial DoE format was performed to study the 

relationship among primary print parameters, melt pool morphology, and cracking behavior of EBM-

processed CM247LC. The primary print parameters studied were the beam current, beam scanning speed, 

and focus offset. In addition, the track quality and microstructure were concurrently investigated to 

determine the dependability of the deposited track and provide further insights on the cracking behavior. 

From the analysis conducted, a summary of the findings is listed as follows:  

- A process parameter window was established for track quality. Higher LED parameters created a 

continuous and uniform tracks whereas the track stability was compromised with higher beam 

speeds. 

- LED exhibited a positive correlation with the melt pool width, depth, and aspect ratio. Statistical 

analysis revealed that individual primary process parameters were the major sources of variance 

for melt pool width and depth, with beam speed exerting having the largest contribution.  

- Solidification and liquation cracking were identified as the primary crack mechanisms in single-

track deposition.  

- Crack length density revealed a weak correlation between cracking and melt pool aspect ratio. A 

moderately wide and shallow melt pool was preferred for minimal cracking. With the lowest crack 

length density of 0.25 mm/mm2, observed at an aspect ratio of 0.32, and achieved with a focus 

offset, beam current, and beam scan speed values of 10mA, 5mA, and 300mm/s, respectively. 

- Cracks dominantly formed at high angle grain boundaries. Minimizing misoriented grains, by the 

avoidance of high-aspect ratio melt pools, or low energy input process parameters that induce a 

weak thermal gradient, is desirable. Additionally, liquation crack propagation across the melt pool 

boundary was inhibited by with finer aspect ratio grains at the boundary. 

  



 
 

43 

Chapter 4. Finite Element Modelling of EBM deposited Single Tracks  

4.1 Introduction 
Electron Beam Melting (EBM) is a complex additive manufacturing technology where the localized 

solidification process at the micro-scale involves the inter-play of several physical phenomenon such as but 

not limited to heat transfer, changes in material phase, and fluid dynamics [27], [53], [54]. With the various 

user-defined process parameters incorporated within the software system of the technology, a trial-and-

error approach to reach a desired part and objective may be achieved at the expense of significant resources 

and time [65]. In spite of the possible success, there still persists the lack of direct understanding of the 

spatial-temporal evolution of thermal energy during the solidification process. The most straightforward 

solution would be the utilization of an in-situ monitoring system. However, the limited maturity of the 

technology due to its recent and controlled emergence on the market and the design and internal conditions 

of the build chamber, such as the high temperature conditions and shielding to prevent metallization and x-

ray leaks, complicates the incorporation of such an in-situ monitoring system [88].  

As an alternative solution, the use of numerical models can be beneficial for the comprehension of the local 

solidification conditions. In EBM, the finite element method (FEM) is one of the more studied numerical 

approaches due to its dependability and efficiency [27], [62], [89]. Zäh and Lutzmann [90] used a 

combination of FEM and a defined laser powder bed fusion condition of a 2:1 melt pool length to width 

ratio to reduce the chance of Plateau Rayleigh instability and balling. Thus, a process window was defined 

to identify suitable process parameter combinations that maintains the stability of the melt pool [90]. The 

applicability of the model was verified with the successful production of parts devoid of balling [90]. Ding 

et al. [29] employed a heat transfer model with a Gaussian surface heat source to simulate single-track 

experiments and extracted the corresponding thermal variables of thermal gradient (G), cooling rate (G*R), 

and solidification rate (R) to predict the microstructure via a solidification/cooling map (G and R plot).  

This chapter focuses on the development of a thermal model by FEM to gain insights on the local 

solidification and cooling conditions of the deposited single-tracks discussed in Chapter 3. The desired 

thermal information includes the thermal history, temperature gradient, and cooling rate of the solidifying 

melt pool. The extracted thermal variables are correlated to the beam current, beam speed, and focus offset 

to better understand the effect of process parameters on heat transfer during printing. In addition, the model 

is used to explore the link between local thermal conditions, melt pool morphology and the inherent 

cracking tendencies. The thermal model will be calibrated with the experimental melt pool width and depths 

of the single-tracks to assess the reliability of the developed model.  
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4.2 Model Setup 
The 3D thermal simulation of the EBM deposited CM247LC single-tracks studied in Chapter 3 was 

performed on COMSOL 6.1 Multiphysics® to extract the corresponding thermal profiles and desired 

thermal variables. The powder layer is treated as a continuum instead of individualistic particles. The 

geometrical domain of the model consists of two stacked rectangular prisms, representing the powder layer 

and bulk substrate domain. The top powder layer was of the dimensions 2000 × 2000 × 70 µm while the 

bottom bulk substrate domain had the dimensions of 2000 × 2000 × 2000 µm. The simulation powder layer 

matches with the user defined layer thickness of 70 µm. However, the effective layer thickness may be 

larger due to potential powder consolidation occurring during the spreading within the actual deposition 

[58]. On a separate note, the employed geometrical domain should be sufficiently large in comparison to 

the melt pool sizes such that the boundary conditions should not influence the simulated results. The FEM 

simulation was performed on an AMD Ryzen 5 3600X 6-core Processor.  

4.2.1 Governing Equations and Boundary Conditions  

The three dimensional phenomenon is governed by the Fourier’s law of heat conduction (Eq. 4-1):  

𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡

− [ 𝜕
𝜕𝑥

(𝑘𝑥
𝜕𝑇
𝜕𝑥

) +  𝜕
𝜕𝑦

(𝑘𝑦
𝜕𝑇
𝜕𝑦

) + 𝜕
𝜕𝑧

(𝑘𝑧
𝜕𝑇
𝜕𝑧

)] = 𝑄(𝑥, 𝑦, 𝑧, 𝑡)    (4-1) 

where 𝜌 is the density of the given material [𝑘𝑔
𝑚3], Cp is the specific heat capacity [ 𝐽

𝑘𝑔∙𝐾], t is the time [𝑠], kx,y,z 

is the thermal conductivity along the x, y, and z directional axis [ 𝐽
𝑘𝑔∙𝐾], T is the temperature [𝐾], and Q is the 

applied volumetric heat source within the simulation representing the electron beam [ 𝑊
𝑚3]. 

Following the preheating stage of the powder layer during the EBM fabrication process, the initial 

temperature condition of the entire geometrical domain was set at 1000°C. The boundary conditions applied 

describes the radiative and convective heat lost during the deposition process. The radiative heat lost, qr is 

applied on the top surface boundary of the powder layer and is described by (Eqn. 4-2): 

    𝑞𝑟 = 𝜖𝜎(𝑇𝑎
4 − 𝑇4)     (4-2) 

where 𝜖 is the emissivity of the material, 𝜎 is the Stefan Boltzmann constant [ 𝑊
𝑚2∙𝐾4], and Ta denotes the 

ambient temperature that is taken to be 293.15 K. The convective heat lost, qc is applied to the powder layer 

and is described by (Eqn. 4-3):  

𝑞𝑐 = −ℎ𝑐(𝑇𝑎
4 − 𝑇4)     (4-3) 

where hc denotes the convective heat transfer coefficient [ 𝑊
𝑚2∙𝐾

]. It should be highlighted that due to high 

vacuum conditions, the convective heat lost contribution is often treated as negligible in EBM [28]. For 

such reason, the current simulation excludes this mechanism of heat lost in the heat transfer analysis.  
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Two other boundary conditions were also concurrently employed during the simulation setup. First, a 

temperature boundary condition was applied where the bottom surface boundary of the bulk substrate 

domain was held at the constant preheat temperature. The second boundary condition involved the adiabatic 

or thermal insulation condition applied across the vertical boundary surfaces of the geometrical domain. 

The near zero heat flux condition across the vertical boundary surfaces is a reasonable assumption since the 

surrounding powder bed has a characteristically low thermal conductance given the limited contact surface 

amongst powder particles [91].   

4.2.2 Heat source model   

The energy supplied by the electron beam can be represented by the Goldak double ellipsoidal heat source 

model [92]. The selection of this volumetric heat source model is based on its wide acceptance and common 

employment in the numerical modelling of the EBM process [62], [28], [93]. The heat source follows a 

Gaussian energy distribution, and its volume is sectioned into a front and rear segment as described by the 

following expression (Eqn. 4-4) with the y-axis as the scanning direction of the beam [92]: 

𝑄(𝑥, 𝑦, 𝑧, 𝑡) = {

6√3𝑓𝑓𝜂𝐼𝑈
𝑎∙𝑏∙𝑐𝑓𝜋√𝜋

exp [−3 (𝑥2

𝑎2 + (𝑦−𝑣𝑡)2

𝑐𝑓
2 + 𝑧2

𝑏2) ] , 𝑦 ≥ 0

6√3𝑓𝑟𝜂𝐼𝑈
𝑎∙𝑏∙𝑐𝑟𝜋√𝜋

exp [−3 (𝑥2

𝑎2 + (𝑦−𝑣𝑡)2

𝑐𝑟
2 + 𝑧2

𝑏2) ] , 𝑦 < 0
    (4-4)  

where I is the beam current [A], U is the accelerating voltage [V], 𝜂 is the energy absorption efficiency of 

the electron beam, and v is the electron beam scanning speed [m/s]. The variables of a, b, and cf,r are the 

semi-axes for the given volumetric ellipsoid and can be considered as the geometrical dimensions of the 

heat source defined along the local coordinate axis of x, z, and y respectively. The subscripts f and r are 

descriptors denoting the definition for the front and rear segments of the heat source respectively. The ff and 

fr parameters are the fractional factors defining the proportion of the thermal energy assigned to the front 

and rear segments. In order to ensure continuity between the front and rear segments, ff, fr, cf, and cr must 

satisfy the three conditions listed below (Eqn. 4-5, 4-6, 4-7) [94]:  

𝑓𝑓 = 2∗𝑐𝑓

𝑐𝑓+𝑐𝑟
       (4-5) 

𝑓𝑟 = 2∗𝑐𝑟
𝑐𝑓+𝑐𝑟

                   (4-6) 

𝑓𝑓 + 𝑓𝑟 = 2       (4-7) 

4.2.3 Material Properties 

With CM247LC as the focus of the study, the powder phase and bulk substrate phase were assigned two 

separate material properties when they are first below the melting temperature. Most of the material 

properties were extracted from published literature regarding CM247LC. Certain incorporated material 
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properties involved a temperature dependency and are exhibited in Fig. 4-1. The temperature dependent 

properties are hereafter discussed.  

The solid bulk density (𝜌𝑠𝑜𝑙𝑖𝑑) was found from preceding initial characterization work to be equivalent to 

8460 kg/m3. The powder density (𝜌𝑝𝑜𝑤𝑑𝑒𝑟) [𝑘𝑔
𝑚3] can be expressed by the following expression (Eqn. 4-8):  

𝜌𝑝𝑜𝑤𝑑𝑒𝑟 = (1 − 𝜑)𝜌𝑠𝑜𝑙𝑖𝑑     (4-8) 

where 𝜑  is the porosity and the bracket term can be considered as the packing density of the powder. 

Assuming that the powder particles are spherical in morphology and follows a BCC packing configuration, 

the porosity can be taken to be 0.32 and the packing density to be 68% [65]. This assumption is valid as 

previous powder characterization work found the final bulk density to be 5530 kg/m3. This is equivalent to 

a packing density of 65%. The simplification is adopted to help determine a separate material property 

discussed later. The temperature dependent density of the material during the mushy and liquid phase were 

calculated from the following two expressions derived from least square regression (Eqn. 4-9) [95], [96]:  

 𝜌(𝑇) = { 1000 ∗ [7.54 − (1.9 × 10−3)(𝑇 − 1612)], 1612 K<𝑇<1647 K (mushy phase)
1000 ∗ [7.47 − (1.6 × 10−3)(𝑇 − 1647)], 1647 K<𝑇<1823 K (liquid phase)

 (4-9) 

Figure 4-1. Temperature dependency of the following material properties for CM247LC: (a) density, (b) 
heat capacity, (c) convective heat transfer coefficient, (d) thermal conductivity  

The heat capacity of the solid bulk substrate and powder are assumed to be the same. The thermal data 

regarding heat capacity and the convective heat transfer coefficient were extracted from Wang et al [15]. 

Within the solidus and liquidus temperature domain, the apparent heat capacity method is employed to 
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account for the phase change through the inclusion of the latent heat of fusion [97], [98] [99]. Above the 

liquidus temperature, the thermal variable assumes a constant value corresponding to the specific heat of 

CM247LC in the liquid phase. The following expressions for specific heat capacity associated with the 

solid [15], phase change [97], [99], and liquid temperature range [100] are listed as follows (Eqn. 4-10):  

𝐶𝑝(𝑇) = { 

             𝐶𝑃,𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒                           , 𝑇 < 𝑇𝑆

𝐶𝑝,𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝐶𝑝,𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 + 𝐿𝑓𝑢𝑠

𝑇𝐿−𝑇𝑠
    , 𝑇𝑠 < 𝑇 ≤ 𝑇𝐿 

               𝐶𝑝, 𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒                       , 𝑇 > 𝑇𝐿  
   (Eqn 4-10) 

where Lfus is the latent heat of fusion [𝑘𝐽
𝑘𝑔], and 𝑇𝐿  and 𝑇𝑆 are the liquidus and solidus temperature.  

The simulation model uses thermal conductivity values from Wang et al. [15] where the data for the powder 

phase was derived through Sih and Barlow model [101] for temperatures below the solidus temperature, 

and a derived experimental formula by Shen et al. [102] for temperatures between the solidus and liquidus 

temperature respectively. For temperatures above the liquidus temperature, a constant value associated with 

the thermal conductivity of liquid was assumed [15], [100]. The thermal conductivity of the solid bulk was 

found by preceding work using NETZSCH flash method.  

The approximation of the emissivity of powder (𝜀𝑝𝑜𝑤𝑑𝑒𝑟) was derived by using the bulk material emissivity 

(𝜀𝑏𝑢𝑙𝑘) [103] and an extension of Sih and Barlow model [104] as conducted by Galati et al. [65]. In the 

original model, the powder bed emissivity is dependent on the emissivity of the powder particles, emissivity 

of the holes 𝜀𝐻, and the packing arrangement of the powder bed. Galati et al. [65] specified the model for a 

BCC packing arrangement and was able to determine the appropriate radius of a BCC hole (rBCC), 

proportion of surface area occupied by BCC holes (AH), and the proportion of the total cavity surface 

sectioned away by the radiating hole (f) [104]. The further details on the formulation can be found in Galati 

et al. [65] and the two main expressions directly relating to emissivity are listed as follows (Eqn. 4-11, 4-

12): 

𝜀𝑝𝑜𝑤𝑑𝑒𝑟 = 𝐴𝐻𝜀𝐻 + (1 − 𝐴𝐻)𝜀𝑏𝑢𝑙𝑘      (4-11) 

𝜀ℎ𝑜𝑙𝑒 = 𝜀𝑏𝑢𝑙𝑘
𝜀𝑏𝑢𝑙𝑘+𝑓(1−𝜀𝑏𝑢𝑙𝑘)

          (4-12) 

where AH was found to be 0.53 while f was equal to 0.25. The remaining material properties and model 

variables assuming a constant value are listed in Table 4-1. The solidus, melting and liquidus temperature 

were found by previous differential scanning calorimetry work done in the separate initial characterization 

of the alloy material.   
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Table 4-1. Defined constants utilized in the thermal FEM simulation  
Model Variable Symbol Value 

Solidus Temperature [K] TS 1613 

Melting Temperature[K] TM 1628 

Liquidus temperature [K] TL 1643 

Vaporization Temperature [K] [100] TV 3300 

Latent Heat of Fusion [kJ/kg]  Lfus 264 

Emissivity of bulk substrate [103] 𝜀𝑏𝑢𝑙𝑘  0.16 

Emissivity of powder 𝜀𝑝𝑜𝑤𝑑𝑒𝑟  0.30 

Coefficient of thermal expansion [K-1] [48] hc 1.82 x 10-5 

Electron beam energy absorption efficiency  𝜂 0.90 

Accelerating Voltage [V] U 60000 

In the definition of material properties, the COMSOL variable function type of state variables were utilized 

to specify the powder phase and the solid bulk substrate with a temperature dependency. In elaboration of 

state variable function, elements in the powder phase domain are initially assigned the powder material 

properties. However, after exposure to the traversing heat source and upon reaching the melting temperature 

condition where the powder phase undergoes a phase change into a liquid (T >Tm), the state variable triggers 

the permanent switch from the powder material properties to the adoption of material properties 

corresponding to the solid bulk. As cooling occurs, the material properties of the solid bulk dictate the future 

simulation efforts of the heat transfer study. The state variable is updated before each simulation step.  

4.2.4. Mesh Description 

Two different tetrahedral mesh schemes were used for the geometrical model domain. These are displayed 

in Fig. 4-2. For the focus offset of 10mA and 20mA data subset (Fig. 4-2a), a hybrid mesh size was applied. 

The bulk domain layer employed a coarser mesh size of 0.2 mm while the top powder layer utilized a mesh 

size of 0.1 mm. Additionally, mesh refinement was employed for regions where z > 1.4 mm. This resulted 

in a total of 351720 domain elements, 14190 boundary elements, and 444 edge elements. For the focus 

offset of 30mA, a uniform mesh scheme of 0.10 mm with a single mesh refinement step was applied for 

both the powder and bulk domain. The completed mesh comprised of 1100768 domain elements, 27472 

boundary elements, and 648 edge elements. The finer mesh size would allow for a more accurate result. 

The simulation time for each simulation to reach completion was defined as the time in which the center 

region of the deposited track (e.g. y = 1mm) undergoes complete solidification such that the temperature 

falls below the melting temperature of CM247LC. The times for each simulation trial to reach completion 
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in real time are displayed in Fig. 4-2c and d. For a given LED level, although the real time completion was 

shorter for the case of 10 and 20 mA focus offset simulation trials in contrast to focus offset 30mA due to 

the different mesh schemes, the simulation time of the deposition process was longer for the former. This 

was attributed to the dimensional parameters of the heat source that will be discussed in the next section.  

Figure 4-2. Simulation details: (a) hybrid tetrahedral mesh scheme for the focus offset 10 and 20 mA data 
subset and (b) uniform tetrahedral mesh scheme for focus offset of 30 mA; (c) simulation time for focus 

offset 10 and 20 mA data subset, (d) simulation time for focus offset 30 mA 

A mesh sensitivity study was separately done to assess the dependability of the results. Additionally, the 

analysis helped to balance the resulting accuracy with the computational efforts and the required time for 

the simulation to reach completion. This assessment was done with uniform mesh sizes and the focus offset 

30 mA data subset. A mesh size of 0.15 mm, 0.10 mm, and 0.085 mm was utilized in conjunction with a 

consecutively applied single mesh refinement step. This involved 329888, 1100768, and 1800592 domain 

elements respectively. Fig. 4-3 displays the mesh sensitivity analysis efforts through (a) maximum surface 

temperature measurements and (b) the required simulation time as a function of mesh size. Evidently, the 

mesh size of 0.10 mm shows a reasonable accuracy can be attained with an appropriate simulation time.  

Figure 4-3. Mesh sensitivity analysis by (a) maximum surface temperature and (b) simulation time as 
done with uniform mesh sizes and parameter set of focus offset 30 mA, I = 8 mA, and v = 800 mm/s 
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4.3 Results and Discussion 

4.3.1 Calibration of the Model 

The experimental data was subdivided based on the level of beam focus. The thermal FEM model was 

calibrated for each group by the minimization of percentage error between the simulation and experimental 

melt pool width and depth dimensions. The experimental single-track melt pools are in reference to the 

work done in Chapter 3. Certain parameter combinations were excluded in the calibration and simulation 

for one of two reasons. The first reason is if the melt pool follows a keyhole melt mode (e.g. Focus offset 

10 mA: 11 mA and 300 mm/s, and 8 mA and 300 mm/s) where heat conduction is not the main mechanism 

during the melt process [73], [74]. The second reason is if a low LED parameter combination yielded a 

track quality with a significant degree of lack of fusion. This is because experimental results with a high 

possible deviation can erroneously skew the percentage error of the model and make it difficult for 

calibration. The simulated melt pool dimensions were demarcated based on the condition if the temperature 

exceeds the melting temperature of CM247LC. It is worth mentioning that the powder layer was not 

considered in the melt pool measurements.  

The calibration involved the manual adjustment of the parameters used to define the Goldak double 

ellipsoid heat source model. The final values are listed for each focus offset group in Table 4-2. The latter 

also lists the average width and depth percentage error for each focus offset group which were all found to 

be below 16 %. For the overall model, the average error was ~10%. The error can stem from the lack of 

consideration for the ongoing fluid dynamic phenomena within the melt pool. Regardless, the model has 

an acceptable percentage error given the broad morphological variety of the experimental melt pool. The 

dimensional parameters reveal with an increase in focus offset, i.e. more defocused beam, the beam width 

and depth are increased. Moreover, the proportion of energy allocated to the front and rear segment becomes 

more symmetrical with a greater focus offset. The larger beam length segments in focus offset 10mA and 

20mA extends the melt pool lifetime and the required simulation run time.  

Fig. 4-4 illustrates the performance of the thermal FEM model through a comparison of the experimental 

and simulation results for melt pool depth and width. The process parameter combination without an 

associated simulated result can be observed by the lack of red square label vertically aligned with a black 

circle label denoting an experimental data point. Both experimental and simulation results show an 

agreement in the positive trend between linear energy density and both measured dimensions of the melt 

pool. As linear energy density increases, the melt pool width and depth are correspondingly increased.  
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Table 4-2. Calibration results: heat source model parameters and simulation error  

Variable Focus Offset  
10 mA 

Focus Offset  
20 mA 

Focus Offset 
 30 mA 

Beam Width [um], a 400.0 600.0 900.0 

Beam Depth [um], b 110.0 130.0 170.0 

Beam Length of Front Segment [um], cf 600.0 500.0 120.0 

Beam Length of Rear Segment [um], cr 200.0 350.0 100.0 

Energy proportion of front segment, ff 1.5 1.2 1.1 

Energy proportion of rear segment, fr 0.5 0.8 0.9 

Width Error (%) 4.5 4.7 8.2 

Depth Error (%) 13.7 15.2 15.2 

The model exhibits a greater tendency to underestimate the melt pool depth and a slight bias to overestimate 

the melt pool width. Moreover, with a more defocus beam, the error of the model is observed to increase. 

The model could possibly be better calibrated through further adjustment of the heat source model 

parameters or the employment of anisotropic thermal conductivity enhancement factor in order to account 

for the fluid convection. Nonetheless, the model is shown to be able to predict the melt pool morphology 

of the EBM deposited CM247LC single-tracks with a good degree of success.  

Figure 4-4. Comparison of the experimental and simulation results of melt pool depth and width for (a) 
focus offset 10 mA, (b) focus offset 20 mA, and (c) focus offset 30 mA 
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4.3.2 Temperature Distribution Within the Melt Pool  

The various process parameter combinations can result in deposited melt pools with dissimilar temperature 

profiles. Fig. 4-5 is a scatterplot of snapshots capturing the translation of the heat source across the surface 

of the geometrical domain and at the same timestamp. The 3D simulation shows the heat source being 

situated at different points along the propagation direction. Additionally, it qualitatively emphasizes the 

effect of different process parameter combinations on the incident beam with respect to its shape, intensity, 

and concentration of heat input. 

Figure 4-5. Graphical overview of 3D simulation results for select parameter combinations at fixed time 

The qualitative overview of the bottom row in Fig. 4-5 can be interpreted quantitatively. A series of point 

probes distributed along the z-axis at the center of the track length (y =1.0 mm) were used to measure the 

temperature profiles and the thermal gradient magnitude (G) for each parameter combination. From the top 

surface, the probes were separated by an interval distance of 20 µm until the melt pool base (Fig. 4-6d). Fig. 

4-6 displays the temperature distribution profiles of the melt pools corresponding to parameter combination 

of 5mA beam current, 300 mm/s scan speed, and a focus offset value of (a) 10, (b) 20, and (c) 30 mA. 

For a given profile, the temperature peaked at the probe point situated closest to the surface (10 µm). 

Meanwhile, probes extending towards the melt pool base experience a decrease in temperature peaks. In 

comparing the three different temperature profiles, the defocusing of the beam and reduced energy 

concentration leads to lower global maximum of peak temperature from 2565.1 K to 2205.4 K, and 1932.0 

K. It also reduces the distance along the z-axis that experiences temperature conditions exceeding the 
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melting temperature and thereby results in a shallower melt pool. The beam focus also has the effect of 

extending the duration that temperature conditions persist above the melting point. In the case of 10 mA 

focus offset, at y = 1 mm, temperatures completely cool below the melting temperature only after ~20 ms.   

Figure 4-6. Temperature profiles of parameter combination 5 mA, 300 mm/s for focus offset of (a) 10 
mA, (b) 20 mA, (c) 30 mA as measured by d) the probe points illustrated in schematic diagram 

4.3.3 Evolution of Thermal Variables and the Effect of Process Parameters 

For each process parameter combination, the temperature profiles were used to calculate the cooling rate 

(G*R) at each probe point by taking the slope of the tangent line at the initial point of solidification, e.g. 

the time in which the material cools below Tm. Meanwhile, the thermal gradient (G) magnitude was also 

directly measured by the probe points. The solidification parameters of cooling rate and thermal gradient 

are significant in describing and understanding of the local solidification conditions in a melt pool.  

Fig. 4-7 explores the spatial evolution of the two solidification parameters within the melt pool for the 20 

mA focus offset data group. For better clarity of the relationships between variables, the labelling of 

different linear energy densities was arranged through a color and shape order in such that increasing LED 

was identified by the following manner: blue < black < red and triangle < square < circle. The use of focus 

offset 20 mA experimental group was selected as it had the most data points for better analysis. The 10 mA 

and 30 mA focus offset groups showed similar relationships for the spatial evolution of thermal variables.  



 
 

54 

Figure 4-7. Spatial variation of (a) thermal gradient, and (b) cooling rate along the central z-axis within a 
melt pool for the experimental group of 20mA focus offset 

For a given parameter combination, Fig. 4-7a displays the general trend of increasing thermal gradient with 

increasing probe point distance. Hence, the maximum thermal gradient is found to occur at the bottom of 

the melt pool boundary. In comparing across each data trend for a unique parameter combination, the 

reduction in LED levels from 2.200 J/mm to 0.375 J/mm fosters to a larger thermal gradient magnitude for 

a given probe distance. Furthermore, the data trend slopes reflect lower LED levels foster a steeper change 

in thermal gradient along the vertical center of the melt pool, indicating a greater temperature variation over 

a smaller distance. 

Fig. 4-7b. exhibits the spatial evolution of cooling rate for the 20 mA focus offset group. For a given process 

parameter combination, the maximum cooling rates are inherent towards the melt pool base. The cooling 

rate progressively decreases towards the melt pool surface and the incident heat source. In some cases, a 

slight cooling rate reduction towards the melt pool base and the negative trend seen with LED level of 0.38 

J/mm can be attributed to the mesh size. A finer mesh size determined through a mesh sensitivity analysis 

can resolve such errors. In comparing parameter combinations, as LED is increased, the magnitude of the 
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cooling rate is lowered. Moreover, the slope comparison reveals the degree of cooling rate fluctuation over 

a given distance is limited with higher LED levels, e.g. more spatially uniform cooling rates are fostered.  

Further analysis can be conducted through the breakdown of the secondary parameter LED into its primary 

parameter constituents and studying their effects on the solidification parameters. This is done through a 

comparison of the maximum cooling rate and thermal gradient during the initial point of solidification (e.g. 

towards the bottom of the melt pool boundary). Fig. 4-8 assesses the effect of beam current and speed (a), 

and LED and focus offset (b) process parameters on the experienced maximum cooling rate. For the former, 

as focus offset is kept constant, the variation in speed is represented by the x-axis while the variation in 

beam current is distinguished by shape. An increase in current is indicated by the following shape order: 

triangle < square < circle. For the latter, color is used to identify the focus offset groups, with decreasing 

focus offset and a more focused beam is reflected by the color order: blue < black < red.  This classification 

is applied in future figures.  

In Fig. 4-8a, moving across the horizontal axis with the same beam current (e.g. same shape label), the 

increase in beam speed from 300 mm/s to 1200 mm/s results in a higher cooling rate experienced. On the 

other hand, for a fixed speed, increasing the current from 5 mA to 11 mA leads to a decrease in cooling rate. 

In some cases, the magnitude of the cooling rate reduction by the beam current is comparable to the cooling 

rate enhancement associated with a faster beam speed. However, the degree of reduction in cooling rate 

caused by beam current is observed to be less significant with a slower speed. Fig. 4-8b displays a clear 

exponential decrease in cooling rate when LED is scaled from 0.250 J/mm to 2.200 J/mm. For the case of 

20 and 30 mA focus offset, the cooling rate order of magnitude can be reduced from 104 K/s to 103K/s. At 

the same linear energy density, a higher focus offset is generally found to facilitate a higher cooling rate.  

Figure 4-8. The cooling rate as a function of (a) speed for focus offset 20 mA and (b) LED 

Fig. 4-9 exhibits the influence of process parameters on the maximum thermal gradient. Within the three 

focus offset subgroups, it is for the most part observed that an increase in beam speed results in a general 

increase in thermal gradient. Moreover, a weak negative correlation is generally evident between LED and 
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the experienced thermal gradient. With regards to the effect of beam current and focus offset on the thermal 

gradient, no clear trend was evidenced. This could be due to certain interactive effects of some process 

parameters which may have a stronger role under specific beam states. For instance, while the focus offset 

influences the fixed focal point and energy distribution [31], [38], the beam current affects the amount of 

energy supplied, and beam speed affects the rate an applied heat source is withdrawn and supplied heat is 

dissipated [105]. Additionally, the resulting shape and volume of the deposited melt pool could also play a 

role in the spatial distribution of temperature. 

Figure 4-9. The thermal gradient as a function of (a) speed for focus offset of 20 mA and (b) LED 

4.3.4 The Effect of Melt Pool Morphology and Thermal Variables  

As demonstrated in Chapter 3, the print parameters are key in controlling the morphology of the deposited 

melt pool. The resulting melt pool shape and volume can also have a contributing role in the manner the 

thermal energy evolves and is spatially distributed. The influence on the thermal gradient, and cooling rate  

can consequently affect the final properties and quality of the print through its microstructure and 

susceptibility to cracking [10], [106]. Fig. 4-10 explores the relationship of thermal variables as a function 

of the melt pool aspect ratio (Depth/Width). These were previously measured in Chapter 3.  

Figure 4-10. Correlation between melt pool aspect ratio and solidification parameters (a) thermal gradient, 
and (b) cooling rate 
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For the overall dataset and for each focus offset subgroup, Fig. 4-10a broadly exhibits a weak negative 

correlation between thermal gradient and the aspect ratio of a melt pool. This translates in a melt pool with 

an increasingly comparable depth relative to its width to exhibit a lower thermal gradient than a wide melt 

pool with a limited depth. In a similar manner, Fig. 4-10b also shows the inherent maximum cooling rate is 

negatively correlated to the melt pool aspect ratio. As the aspect ratio of a melt pool is increased, the 

associated cooling rate is reduced. On a separate note, a reduced focus offset enables the process parameter 

combinations to deposit a melt pool with a larger aspect ratio. As such, the focus offset parameter is 

observed to be able to translate the trend of the two solidification parameters to be associated with a different 

aspect ratio range. For instance, with a higher focus offset, the weakly negative solidification parameter 

trend is shifted to a range of lower aspect ratios involving wider and shallower melt pools.  

4.3.5 Influence of Solidification Conditions on Cracking  
The solidification conditions can influence the amount of internal stress the deposited material can 

experience. In severe cases, it results in cracks that debilitate the mechanical properties and the part 

performance of a printed material. This section importantly explores the effect of the thermal response of 

the material on the assessed crack severity in order to determine the suitable solidification conditions for a 

minimized crack susceptibility. 

Fig. 4-11 correlates the thermal conditions at the bottom of the melt pool during solidification and the 

measured degree of cracking for each process parameter combination. The crack length density metric was 

used to assess the crack severity. This was previously determined through the characterization work done 

in Chapter 3. Fig. 4-11a broadly illustrates a crack length density can be limited by fostering a melt pool 

with a lower maximum thermal gradient. This general weak relationship is more prominent for the 20 mA 

and 30 mA focus offset case. For the data subset of 10 mA focus offset, no clear trend was visible. Within 

this data subset, an outlying data point corresponded to the second most severe cracking case of 2.30 

mm/mm2. This was fostered by a beam current, speed and focus offset of 11mA, 800mm/s and 10 mA 

respectively. On the other hand, the lowest crack severity case was also found to have a comparatively low 

thermal gradient magnitude. 

Fig. 4-11b explores the relationship between maximum cooling rate and the witnessed cracking severity. 

The increase in cooling rate exacerbates the severity of cracking experienced in a melt pool for the focus 

offset of 20 mA and 30 mA groups. For the case of focus offset of 10 mA, the weak positive correlation 

between crack length density and cooling rate as seen with 20 mA and 30 mA focus offset group was absent 

and no other visible trend was apparent. However, the focus offset 10 mA data group shared a similar 

message. The simulation results indicated that the process parameter combination previously associated 

with the lowest crack length density in Chapter 3 was on the lower magnitude spectrum of simulated cooling 
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rates. Furthermore, this data point was the lowest cooling rate for the focus offset of 10 mA subgroup. The 

parameter combination comprised of a 5 mA beam current, 300 mm/s beam speed and resulted in an aspect 

ratio of 0.32.  

Figure 4-11. The behavior of crack length density as a function of (a) max thermal gradient and (b) max 
cooling rate  

The correlated simulation results agree with previous works regarding solidification conditions and 

cracking where a steep temperature gradient, as facilitated by high beam velocities, has been previously 

observed to facilitate greater internal thermal stresses within a fabricated part [107], [108], [109]. As seen 

in Fig. 4-7a, the steeper thermal gradients were observed with lower LED values facilitated by high beam 

velocities. A prominent example is the parameter set with a beam current of 11 mA, beam speed of 

1200mm/s and focus offset of 20 mA, showing one of the steepest thermal gradients in the z direction along 

the melt pool center. This consequently corresponded to the crack length density of 2.33 mm/mm2 and was 

the most severe case of cracking across all process parameter combinations. Separately, the correlation of 

a low maximum cooling rate and thermal gradient to a reduced degree of crack occurrence has also been 

similarly witnessed by Barr et al [110], Chauevet et al [111], and Chen et al [109] for other metal alloys and 

is attributed the lower thermal stress experienced.  
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4.4 Summary 
For this study, a simple thermal model was constructed to simulate the temperature profiles of CM247LC 

single-track as deposited by different EBM process parameter combinations. A quantitative assessment was 

conducted on the single-track solidification conditions as described by the thermal variables of thermal 

gradient, and cooling rate. Consequently, the evolution of these solidification parameters was explored. 

Furthermore, the effect of beam current, beam speed, focus offset, and linear energy density on the thermal 

variables were studied. The thermal variables at the melt pool base during initial solidification were also 

correlated to the melt pool aspect ratio and crack length density. From the analysis conducted, a summary 

of key findings are as follows:  

- Comparison between simulated to the experimental results showed that the average width and depth 

error for each focus offset group were under 16%. Across the overall model, the average error was 

~10%.   

- Peak temperatures decreased with increasing distance away from the melt pool surface and higher 

focus offset further reduced the global max temperatures.  

- With decreasing LED, thermal gradients steeply varied along the vertical (z-axis) distance, 

Similarly, with increasing LED, cooling rate observed a more gradual change over increasing depth.  

- Cooling rate increased with higher beam speed and focus offset, and lower beam current. Thermal 

gradient generally increased with increasing beam speed. Higher LED values resulted in a decrease 

in the two solidification parameters. 

- An increase in aspect ratio was negatively correlated with thermal gradient and cooling rate.  

Additionally, a lower thermal gradient and cooling rate was found conducive to foster a reduced 

crack length density, and thereby mitigate the tendency of the material towards cracking  



 
 

60 

Chapter 5. Multi-tracks: Study of Line Offset and Thermal Accumulation  
5.1 Introduction 
EBM is a bottom-up fabrication process starting from the deposition of a single-track [8]. This is followed 

by the fusion and linkage of multiple single-tracks to create a single layer of multi-tracks [54]. The stacking 

and linkage of multiple individual layers of multi-tracks cumulatively results in a coherent part. From this 

perspective, it is evident that the quality of the track and the bond between multiple tracks and layers are 

significant as they will ultimately determine the final quality, mechanical properties and performance of the 

fabricated part in their target applications [8], [54]. Hence, efforts have been devoted to optimize the energy 

supplied and studying the effects of print parameters that define the track and bond quality. 

Line offset, also referred to as hatch spacing in LPBF, is a critical process parameter that governs the bond 

quality between adjacent tracks [39]. The parameter controls the separation distance between two 

successive tracks, and consequently directs the degree of track overlap [47], [41]. The manner of lateral 

track arrangement can impact the thermal cycle history and the part quality and properties. Yue et al. [112] 

investigated the microstructure and mechanical properties of EBM processed Ti-47Al-2Cr-2Nb at three 

different line offset levels of 85 um, 100 um, and 115 um. They had found that a high line offset resulted in 

a lower aluminum content lost by evaporation and a lower volume fraction of high angle grain boundaries 

[112]. The middle line offset level exhibited better mechanical performance in terms of ultimate tensile 

strength and elongation at room temperature, and at elevated temperatures of 700ºC and 750ºC [112]. 

Silvestri et al. [39] explored the effect of beam current, speed, and line offset for a fixed volumetric energy 

density (VED) of 40 J/mm3. While no clear relationship was evident between line offset and hardness, an 

increase in line offset was found to be associated with a higher surface roughness for the top surface of an 

EBM fabricated Ti-6Al-4V part [39]. Gong et al. [113] found that the porosity of EBM processed Ti-6Al-

4V and line offset shared a positive correlation. Hu et al. [114] studied the cracking behavior of Al-Cu 

alloys processed by LPBF and observed that a lower hatch spacing fostered crack free parts. 

In the previous work, the influence of primary EBM process parameters on the melt pool morphology of 

EBM deposited CM247LC single-tracks was explored. Whereby, for this basic build unit, the relationship 

between process parameter, microstructure, thermal history, and cracking tendencies was explored. This 

current study expands on preceding work and focuses on the next deposition outcome, the single layer 

formation of multi-tracks. The objective of this work is to investigate the influence of line offset and the 

number of successive tracks on the processability of CM247LC via EBM. From the track-by-track nature, 

the heat accumulation effect on surface quality, melt pool morphology and microstructure are investigated 

and subsequently correlated to the cracking behavior. The results will provide a better grasp on the manner 

deposited tracks are laterally arranged in a single layer to mitigate the crack susceptibility of CM247LC.  
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5.2 Materials and Method  

5.2.1 Print Setup  

The CM247LC powder was produced via argon gas atomization technique and supplied by Höganäs. The 

powder particle size distribution ranged from 45-150 um. It is important to note that the powder used for 

this study is not in virgin state and recycled powder is utilized instead.  

The Arcam A2X equipped with the EBM control 5.0 software system was used for the multi-track 

deposition. The multi-tracks were deposited on a 304 stainless steel build plate under chamber conditions 

comprised of a high vacuum pressure on the scale order of 10-3 mbar with a small injection of helium gas. 

A user-defined layer thickness of 70 µm was employed along with a preheat temperature of 1000 ºC.  

The multi-track build design was prepared on Materialise Magics 27.03 software and is displayed in Fig. 

5-1a. The part fabrication on the build plate followed the deposition sequence of supports, substrate, and 

the multi-track component. The supports and substrate enabled an easier sample preparation. The use of 

substrate prevented undesired dilution effects stemming between the 304 stainless steel build plate and the 

CM247LC multi-track. For the substrate, the parameter combination follows a beam current of 13.5 mA, 

beam speed of 1750 mm/s, and focus offset of 20mA. The substrate dimensions are 20 mm x 10 mm x 3 

mm (Fig. 5-1a). The multi-tracks had a track length of 20 mm and were deposited with a snake scan strategy. 

Fig 5-1b. illustrates the print and the internal chamber of the printer immediately after build completion. 

The build plate and fabricated parts are covered by a powder bed comprised of loose powder particles and 

a sintered powder cake. A vacuum is used to remove most of the surrounding powder. The build plate is 

recovered from the Arcam A2X chamber and final cleaning was done with the Arcam powder recovery 

system. Fig. 5-1c displays the recovered build plate and the overall final quality of the deposited parts.    

Figure 5-1. The workflow of the experimental multi track starting from the (a) build design, (b) to print 
completion, and (c) post recovery state 
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5.2.2 Experimental Design 

The multi-track study investigates the heat accumulation effect from the successive deposition of single-

tracks with varying line offset, and thus track overlap. For this investigation, the selection of the process 

parameters that governs the linear energy density input of the basic building block is important. The 

previous work done with single-tracks (Fig 5-2) guides the selection to avoid parameter combinations that 

would foster a compromised track quality.  

Figure 5-2. EBM CM247LC single-track cross section fabricated with a beam current, speed, and focus 
offset magnitudes of (a) 5 mA, 300 mm/s, 10mA and (b) 11 mA, 1200 mm/s, and 10mA respectively 

An optimal beam current, speed and focus offset was determined in which displayed a limited case of 

cracking. This corresponded to a magnitude of 5 mA, 300 mm/s and 10 mA respectively and an average 

crack length density of 0.25 mm/mm2 (Fig. 5-2a). Along with the low current and speed combination, a 

secondary parameter set comprising of a high beam current (11 mA) and speed (1200 mm/s) under a 10mA 

focus offset was also used for the individual track (Fig. 5-2b). While the secondary parameter set did not 

demonstrate the second lowest degree of cracking, with a crack length density of 0.87 mm/mm2, it was 

selected because it was on the other extreme end of process parameter values. Additionally, it demonstrated 
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very little to no defects along the melt pool boundary (e.g. shrinkage pores or liquation cracks). Instead, 

most of the existing defects are predominantly consolidated in the top central region of the melt pool. This 

would be capable of being remelted in future overlaying melt layers. The first parameter set of a low current 

and low speed extreme will be referenced to as Group A while the second parameter set of a high current 

and high speed extreme will be referred to as Group B.  

The single layer multi-track focuses on the quality of the inter-track bond linkage and heat accumulation 

effects of consecutively deposited single-tracks. This is studied through the controlled variation of line 

offset and the number of successively deposited tracks using both single-track process parameter extremes 

(e.g. low current and speed and high current and speed combination). The line offset or the extent of track 

overlap will have three separation distance levels of 40 µm, 100 µm, and 160 µm. Meanwhile, the number 

of tracks that are successively deposited will increase in the following order of 5, 25 and 50 tracks. Table 

5-1 provides a randomized and detailed list of the parameter combinations employed. Each parameter set 

had a total of three replicates. The volumetric energy density (VED) is a secondary parameter that represents 

the amount of energy supplied per unit volume and its expression is listed as follows (Eqn. 5-1)  

𝑉𝐸𝐷 = 𝑉∗𝐼
𝑙offset ∗𝑣∗𝑡

      (5-1) 

where V is the acceleration voltage [V], I is the beam current [A], loffset is the line offset [mm], v is the 

beam speed [mm/s], and t is the layer thickness [mm].   
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Table 5-1. Comprehensive List of Process Parameter for the Multi-track Study 

 

Sample 
# 

Beam Current, I 
[mA] 

Beam Speed, v 
[mm/s] 

Line offset, 
L.O. [mm] 

Volumetric Energy Density, 
VED [J/mm3] 

# of 
Track 

1 5 300 0.04 357.14 50 
2 11 1200 0.16 49.11 50 
3 11 1200 0.04 196.43 50 
4 5 300 0.10 142.86 5 
5 11 1200 0.16 49.11 25 
6 5 300 0.04 357.14 50 
7 5 300 0.10 142.86 25 
8 11 1200 0.16 49.11 25 
9 11 1200 0.04 196.43 25 
10 11 1200 0.16 49.11 5 
11 5 300 0.10 142.86 50 
12 11 1200 0.04 196.43 50 
13 11 1200 0.04 196.43 25 
14 5 300 0.16 89.29 5 
15 5 300 0.16 89.29 25 
16 11 1200 0.10 78.57 50 
17 11 1200 0.16 49.11 50 
18 11 1200 0.16 49.11 25 
19 11 1200 0.10 78.57 5 
20 11 1200 0.10 78.57 50 
21 11 1200 0.16 49.11 50 
22 5 300 0.16 89.29 50 
23 5 300 0.10 142.86 50 
24 11 1200 0.04 196.43 25 
25 11 1200 0.04 196.43 5 
26 5 300 0.04 357.14 50 
27 11 1200 0.10 78.57 25 
28 5 300 0.10 142.86 50 
29 5 300 0.16 89.29 50 
30 11 1200 0.10 78.57 25 
31 5 300 0.10 142.86 25 
32 5 300 0.16 89.29 25 
33 11 1200 0.10 78.57 50 
34 11 1200 0.10 78.57 25 
35 5 300 0.16 89.29 25 
36 11 1200 0.04 196.43 50 
37 5 300 0.16 89.29 50 
38 5 300 0.04 357.14 25 
39 5 300 0.04 357.14 5 
40 5 300 0.04 357.14 25 
41 5 300 0.10 142.86 25 
42 5 300 0.04 357.14 25 
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5.2.3 Sample Preparation and Characterization 

After the EBM deposition process, the CM247LC multi-track specimens were sectioned into three 

equidistant lengths using a Struers Labotom-5 abrasive cut-off saw and a Struers 50A26 cut-off blade. 

Struers PolyFast hot mount resin media was used to encapsulate the top and bottom sample segments, and 

the hot mounting process was done by a Struers CitoPress-5. The exposed sample surface of x-z cross 

sectional planes were systematically grinded with silicon carbide grinding papers of increasing FEPA P grit 

sizes as follows: 80, 120, 320, 500, 800, 1200, 2400 and 4000. The mounted samples were subsequently 

polished with Buehler MasterPrep alumina polishing suspension media by means of a Buehler VibroMet 2 

Vibratory Polisher. The final surface finish was achieved after the duration of four and a half hours. The 

samples were etched with a Glyceregia mixture to reveal the microstructure. The chemical composition of 

the mixture was 25mL of hydrochloric acid, 5 mL of glycerol, and 5 mL of nitric acid.  

The Keyence VK-X250 Laser Profilometer was used to evaluate the surface topography of the deposited 

CM247LC multi-tracks. The assessment was done for the middle section of the sample top surface prior to 

any metallurgical preparation. The x-z cross sections of the multi-tracks were observed with a Keyence 

VHX-7000 digital optical microscopy (OM). The region of interest was documented by stitch images of 

200x magnification in the pre-etch and etch condition. The ImageJ software was used to perform 

quantitative analysis of the deposited multi-tracks. The pre-etch images were overlayed with etch images 

in order to perform crack analysis within the multi-track cross section. In the etch condition, the geometrical 

dimensions of the last melt pool were quantitatively measured. The microstructure of the multi-tracks was 

also analyzed by TESCAN Vega3 scanning electron microscopy (SEM) where the Bruker eflash FS detector 

accessory allowed electron backscattered diffraction (EBSD) measurements to be performed.  

5.3 Results and Discussion  

5.3.1 Assessment of Layer uniformity – Surface Topography 

A relatively uniform and flat single layer of multi-tracks is significant in the consideration of achieving an 

overall highly dense part. Surface inhomogeneity caused by defects and instabilities may lead to 

complications with uniformly spreading the desired layer thickness of powder or possible rake damage 

from collisions with acute surface protrusions. Therefore, an assessment on the surface layer quality is 

performed for the deposited CM247LC multi-tracks. 

In Fig. 5-3, the surface topographies of Group A multi-tracks are compared as the line offset and the number 

of consecutive tracks are increased. Based on the qualitative color distribution, the central region of the 

deposited multi-tracks exhibits a relatively uniform surface and is absent of any sharp protrusions or drastic 

difference in height level. The average Sa evaluation for each Group A experimental condition ranged from 
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37-46 µm with an increase track number mostly leading to a very minor increase in Sa. The quantitative 

and qualitative assessments of the multi-track surface quality are in agreement. However, a minor detail of 

a small macro-scale height difference is observed, where one lateral side of the multi-track region is 

elevated in contrast to the other. This is slightly more evident with a lower line offset.  

Figure 5-3. Surface topography overview of Group A (I = 5 mA, v = 300 mm/s) for surface quality 
assessment of the multi-track central segment 

Fig. 5-4 compares the surface topography of Group B with increasing line offset and track number. The 

multi-track surfaces of Group B vary to a larger extent in contrast to Group A. In addition, the previous 

detail of height elevation is more pronounced in Group B. For the case of 0.04 mm, this was evident with 

Track# = 5 and exaggerated further with Track# = 25 where a clear valley and peak surface profile is evident. 

The latter case could pose a challenge for subsequent layer deposition. However, under the same line offset, 

Track# = 50 does not display an evident height difference but instead displays an overall coherent bulge 

spanning the width of the multi-track region. For the line offset case of 0.10 mm, an evident bulge is situated 

before the last deposited tracks which exhibits a lower elevation level in comparison. The Sz metric can 

evaluate the macroscopic height profile difference across the multi-track surface. This summation of peak 

height and valley depth reveals the height profile difference was most prominent for a line offset of 0.10 

mm with a track number of 25 and 50 in comparison to other tested variable conditions. This corresponded 

to values of 646.06 µm and 753.35 µm. On a separate note, for the line offset case of 0.16mm in Group B, 

a more ripple textured surface is apparent.  
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Figure 5-4. Surface topography overview of Group B (I = 11 mA, v = 1200 mm/s) for surface quality 
assessment of the multi-track central segment 

Through finite volume method modelling of Inconel 718 by LPBF, Xia et al [115] attributes the height 

difference due to the nature of the melt flow. During deposition, a temperature gradient is facilitated in the 

inherent melt pool which correspondingly gives rise to a surface tension gradient [115]. Whereby, 

Marangoni convection mechanism involves the molten liquid flow to migrate in the direction from a high 

temperature, low viscosity, and low surface tension region to a low temperature, high viscosity, and high 

surface tension region [115]. In other words, from the center region of the melt pool near the incident beam 

to the edge of the melt pool such as that closer to the previously deposited track, respectively [115]. This 

mechanism can help explain the height difference in the surface profile. For the low scan speed case, as line 

offset is reduced, the greater track overlap results in a given track area being remelted a greater number of 

times. This increase in accumulated heat would facilitate a greater temperature peak and more melt volume 

[106]. Consequently, the greater temperature peaks can reduce the viscosity of the melt liquid and lead to 

an increase amount of melt liquid that migrates towards the melt pool edge near the previously deposited 

tracks [115]. Thereby, the surface profile is elevated. As line offset is increased, the degree of track overlap, 

heat accumulation, peak temperature, and melt volume is reduced. Therefore, the increased viscous flow 

results in less material migration and a lower height difference in surface profile [115].  

The employed model provides a limited exploration of height magnitude differences in a surface profile as  

a relatively low beam speed (400 mm/s) and power value (110W) was employed [115]. This is similar to 

the case of Group A. Breuning et al [116] provides further possible details of the height difference in the 
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surface profiles. The slow speed can facilitate a trailing melt pool condition, whereby the preceding track 

has already undergone solidification as a new track is being deposited [116]. For this condition, most of the 

material transport had been found towards to the tail end [116].  

In contrast, as group B employs a higher power (660W) and beam speed (1200 mm/s), the previously 

deposited tracks may still be in a liquid phase state during the deposition of a new adjacent track. This 

persisting liquid phase condition due to a faster beam return time has been termed as a persistent melt pool 

[116]. Consequently, due to the fluid nature of the deposition, the extent that line offset can have an 

influence on the height difference for a given surface profile can be significantly more pronounce, 

depending on the stability of the molten liquid flow.  

The persistent melt pool has been subdivided into a permanent and partially permanent classification [116]. 

For the former, the persisting liquid melt pool spans the entire scan length domain, and much of the material 

migration is in the opposite direction of the lateral progression[116]. This results in a relatively even and 

elevated melt surface for most of the surface body with the exception of a depression observed in the area 

of the final tracks [116]. For the partially permanent case, the persisting liquid melt pool spans most (e.g. 

~3/4) of the scan length domain [116]. The material migration also occurs in the opposite direction of the 

lateral progression [116]. However, at the turning points of the snake scan strategy, the liquid pool will 

possess a temperature gradient and surface tension gradient vector directed towards the central melt area, 

and thereby, facilitates further material migration towards the central body [116]. This would further 

exacerbate the height difference as observed through Sz and Fig. 5-4 for the line offset case of 0.10 mm and 

Track# = 25, 50.  

5.3.2 Microstructure: Melt pool geometry of EBM deposited CM247LC multi-tracks 
An examination of the melt pool morphology can reveal the nature of the solidification conditions that 

consequently control the microstructure and properties of the final part. The use of Glyceregia can reveal 

the melt pool geometry under an optical microscope with a limited success, regardless of sample exposure 

time to the etchant. This can be observed in Fig. 5-5a. However, the Keyence VHX 7000 enables image 

enhancements, such as through contrast and brightness adjustments. As seen in Fig. 5-5b, the adjustments 

can better reveal the melt pool morphology and help in the clear identification of the melt pool shape.  

Fig. 5-5a, b also exhibits the overall span and quality of the deposited multi-track corresponding to Group 

A with a line offset of 0.10 mm and a middle level track number. The cross-sectional view reveals a 

relatively uniform and organized stacking of melt pools. This highlights the stability of the melt pool during 

deposition. In contrast, Fig. 5-5c displays the overall multi-track span of Group B with the same line offset 

and track number. The irregular surface morphology and the cross section of the multi-track emphasizes 
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the fluid nature of the melt pool that compromises its stability during deposition. In addition, it also 

highlights the Marangoni convection in which drives the material migration and leads to the height 

difference within a surface profile. This is better highlighted by Fig. 5-5d where the individual overlapping 

melt pools are observed to be solidified at a slanted angle in contrast to the melt pools solidified in a neat 

alignment in Fig. 5-5b. This evidence supports previous discussion on the trailing and persistent melt pools. 

The difference in melt pool nature with Group B makes it difficult to distinguish the individual melt pools, 

particularly for the final deposited track. However, through the image enhancement tool, the melt pools in 

Group B (e.g. Fig. 5-5d) can be identified with the exception of line offset of 0.04 mm.  

Figure 5-5. Melt pool morphology of CM247LC multi-track. (a) Etched multi-track melt pools without, 
and (b) with image enhancement for sample corresponding to Group A, track# = 25, line offset = 0.10 mm 
(c) overall multi-track appearance for Group B, Track#= 25, line offset 0.10 mm and (d) identification of 

individual overlapping melt pools in multitrack 

Fig. 5-6 quantitatively describes the effects of line offset and the number of tracks on the melt pool 

morphology. The measured melt pool dimensions are associated with the last track to be deposited. Fig. 5-

6a reveals melt pool depth (red) and width (black) decrease with increasing line offset. The extent of the 

effect highlights the melt pool dimensions of the multi-track can be lower than the dimensions 

corresponding to the single-track condition as marked by the dashed lines.  
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The deposition of preceding tracks will elevate the temperature of the surrounding powder that is to be 

melted in subsequent tracks [117], [118]. Due to the poor thermal conductivity of metal powder [4], as the 

separation distance between tracks is increased, the subsequent track would be deposited in a further region 

of lower temperature. Whereas, for a low line offset, the future subsequent track would be deposited in a 

higher temperature region because it is in a closer proximity to the previous track. Additionally, the tight 

track scans which leads to a high overlap would also enhance the consolidation of thermal energy per a 

given unit volume, e.g. a higher volumetric energy density. As a result, both pre-heat factor and thermal 

accumulation would help foster a deeper and wider melt pool [117], [118]. For the high line offset, the 

consolidation of thermal energy would be lower, and since the previously deposited tracks can also dissipate 

heat comparatively better than powder, the heat dissipation effect may be greater than the degree of heat 

accumulation, fostering melt pool dimensions that are possibly lower than the single track condition. On 

the separate note, the increase in the number of tracks (triangle < square < circle) also facilitates an increase 

in melt pool dimensions for the most part. This can be attributed to the increasing degree of thermal energy 

accumulation, stemming from the increase of heat input with each track.  

Figure 5-6. The influence of line offset and number of tracks on the melt pool (a) dimensions with regards 
to depth and width, and (b) aspect ratio. 



 
 

71 

Fig. 5-6b illustrates the influence of VED and number of tracks on the melt pool aspect ratio where aspect 

ratio is defined as the ratio of depth to width (D/W). For both groups, an increase in VED or lower line 

offset generally enables an increase in melt pool aspect ratio. However, for group A, the influence of VED 

transitioning from 142.86 J/mm3 to 357.14 J/mm3 appears to plateau or dip to a slight extent. No clear trend 

was observed for increasing the number of tracks on melt pool aspect ratio. Interestingly, for both groups 

and all multi-track variable permutations, the aspect ratio in the multi-track condition were greater than that 

of the single-track condition. For Group A, the single-track aspect ratio was 0.32 and the multi-track 

minimum and maximum aspect ratio were 0.32 and 0.38 respectively. For Group B, the single-track aspect 

ratio was 0.155 and the multi-track minimum and maximum aspect ratio were 0.28 and 0.38 respectively. 

The multi-track condition for Group B observed a more drastic increase in a melt pool aspect ratio. This 

can be attributed to the drastic increase in melt pool depth compared to its single-track depth whereby a 

minimum two-fold increase from 85.18µm to 169.91µm was observed.  

5.3.3 Crack Behavior of EBM deposited CM247LC multi-tracks 

In the pre-etch condition, the stitched images of the multi-track cross section enable the study of defect 

behavior for Group A and B experimental groups in response to varying line offset and number of tracks. 

First, a systematic qualitative assessment of the cross sections is performed to facilitate the discussion of 

the defect type based on their location. Following such, a quantitative evaluation of the crack susceptibility 

is conducted. Note the discussion of type of cracks and their formation mechanism has already been 

discussed in the previous single-track study, and as a result such will not be the focus in this section. 

Fig. 5-7 are OM images of selected muti-track cross sections that pertain to Group A and serve as illustrative 

examples of the witnessed cracking behavior. For the line offset of 0.04 mm in Group A, the main defect 

consisted of shrinkage pores and liquation cracks along the melt pool boundary of the final few tracks that 

were deposited. These cracks and irregularly shaped micro-pores tend to be concentrated towards the 

bottom of the melt pool boundary as seen in Fig. 5-7a. Moreover, a minor degree of shrinkage pores is 

visible in the central multi-track melt body region. This could be aligned along the inter-track region 

delineated by the melt pool boundary; however, the pattern is not strongly evidenced. For the line offset of 

0.10 mm in Group A, the chance of solidification cracking to be observed in the melt pool of the final track 

was fostered, particularly in the form of a distinct and prominent center-line crack with dendritic fracture 

appearance [13], [18], [50]. Similar to line offset case of 0.04 mm, a concentration of shrinkage pores and 

liquation cracks were observed along the melt pool boundary of the last few tracks. A number of shrinkage 

pores and liquation cracks was also found in the central multi-track melt body. This provided stronger 

pattern evidence of the defects being aligned along the inter-track regions marked by the melt pool boundary 

(e.g. the heat affected zone). The location pattern of the defects that were seen in the case of Group A for 
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line offset of 0.10 mm were also observed to persist for the line offset case of 0.16 mm. This is illustrated 

by Fig 5-7b and c. The chance of solidification cracking to occur in the form of a prominent centerline crack 

appeared to be higher for the line offset case of 0.16 mm. This is based on cross sectional samples showing 

more frequent occurrences of a centerline crack in the final melt pool track.  

Figure 5-7. Qualitative assessment of crack behavior of Group A samples: (a) Track# = 50, line offset = 
0.04 mm, (b) last few deposited tracks and (c) middle body region of Track#=50, line offset = 0.16mm 

For all line offset cases, the experimental Group B similarly demonstrated a concentration of shrinkage 

pores and liquation cracks in the inter-track region closer to the last deposited track. However, based on 

qualitative observation, the extent of liquation crack and shrinkage pores to occur within this region appears 

to be slightly reduced with the other two line offset cases of 0.10 mm (Fig. 5-8a, c) and 0.16 mm. 

Nonetheless, this type and spatial location of defects are the main form of defects observed in the 

experimental Group B. In continuation, for Group B, the line offset case of 0.04 mm more frequently 

exhibited the possible occurrence of a prominent solidification crack in the last melt pool deposited, as 

characterized by its distinct dendritic like appearance [13], [18], [50]. This in contrast to Group A at the 

same line offset condition which rarely demonstrated any trace of such. Separately, the line offset case of 

0.10 mm in Group B exhibited close to a defect free zone within the central melt body of the deposited 

multi-tracks. In other words, no evidence of liquation cracks and shrinkage pores were observed along the 

melt pool boundary of the inter-track regions. This is illustrated in Fig. 5-8b, c which displays a stark 

contrast to the equivalent line offset case of Group A. For the line offset case of 0.16 mm, the central melt 

body exhibited a minor degree of shrinkage pores and cracks presence, with weak pattern evidence of defect 

consolidation along the inter-track regions. Moreover, a greater propensity of solidification cracks to occur 

in the melt pool of the final track was also observed.  
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At this stage, the 0.10 mm line offset case of Group B is seen to be able to best facilitate solidification 

conditions that are less prone to defects in terms of pores and cracking. Additionally, the cross sections of 

Group B illustrated most of the defects were consolidated in the inter-track regions of the last few tracks to 

be deposited. On a separate note, it should be mentioned that a minor degree of gas induced porosity, as 

indicated by their perfect spherical morphology, was present in the cross section of the  multi-track samples. 

This could be mainly attributed to the number of times the CM247LC powder has been reused since powder 

agglomeration and gas inclusion can increase with repeated exposure to a high heat source [119], [120].   

Figure 5-8. Qualitative assessment of crack behavior of Group B sample of Track# = 50, and line offset = 
0.10 mm: (a) region of last few deposited tracks, (b) middle body region, (c) overall multi-track span 

Fig. 5-9 provides a quantitative assessment of the crack and general defect severity with varying track 

number and line offset. The line offset variable is captured through the secondary parameter of VED while 

the crack and general defect severity are evaluated through the metric of crack length density (Fig. 5-9a) 

and areal defect density (Fig. 5-9b). The latter includes both pores and cracks whereas the former only 

includes the crack measurements that were manually performed through the ImageJ analysis software.  

For a fixed number of tracks, it is for the most part observed that an increase VED leads to a further increase 

in crack length density (Fig. 5-9a) and areal defect density (Fig. 5-9b). For a fixed VED, the increase in 

number of tracks fosters a reduced average crack length density (Fig. 5-9a) and average areal defect density 

(Fig. 5-9b). The trends of both metrics as a function of VED and number of tracks corroborate with one 

another.  

For a constant track number, a more focused observation of each group highlights a dip in the average crack 

length density and areal defect density that is associated with the middle line offset level of 0.10 mm. This 

corresponds to VED values of 142.86 J/mm3 and 78.57 J/mm3. For instance, in Group B, at a high track 

number level and with a reduction in line offset values, the VED levels of 49.11 J/mm3, 78.57 J/mm3, and 

196.43 J/mm3 resulted in an average crack length density measurement of 0.81 mm/mm2, 0.71 mm/mm2, 

and 1.872 mm/mm2 respectively. Consequently, the shared downturn associated with the middle line offset 

level for both groups can serve as an indicator that the optimal line offset value lies in proximity to 0.10 
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mm. The multi-track cross-section associated with a VED level of 78.57 J/mm3 had the minimum propensity 

towards cracking and general defect formation, with values of 0.71 mm/mm2 and 0.27% respectively. The 

parameter combination of this VED level includes a beam current of 11 mA, beam speed of 1200 mm/s, 

focus offset of 10mA, and a line offset of 0.10 mm.  

Figure 5-9. Quantitative assessment of the effect of number of tracks and line offset through VED on the 
(a) average crack length density and (b) average areal defect density of EBM deposited CM247LC multi-

tracks 

The classification of the observed porosity within the central melt body region and more prominently seen 

in Group A as lack of fusion porosity can be refuted. This is evidenced by the combined characteristic of 

its micro-size and morphology corresponding towards that of shrinkage porosity. Moreover, it can also be 

logically rationalized by a comparative assessment of the track overlap as dictated by line offset. This can 

be previously observed in Fig. 5-5 where the largest line offset still qualitatively exhibits a track overlap 

greater than 50%. As a more quantitative evidence, the theoretical track overlap can be evaluated by the 

following expression (Eqn. 5-2) [121]:  
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𝑂𝑣𝑒𝑟𝑙𝑎𝑝 % = 𝑤−𝑙𝑜
𝑤

∗ 100      (5-2) 

where w is the melt pool width, and lo is the line offset. For both groups, the overlap percentage results are 

listed in Table 5-2. For a given line offset, despite experimental Group B exhibiting a similar yet lower 

track overlap percentage than their Group A counterparts, the multi-track cross sections of Group B only 

began to show a potential weak pattern evidence of central melt body porosity along the inter-track regions 

at the higher line offset case of 0.16mm.  In contrast, the mentioned porosity type was more consistently 

seen for all line offset cases in Group A despite the higher amount of overlap. Thereby, this challenges the 

origin of the porosity from lack of fusion due to poor melt pool overlap.  

Table 5-2. Comparison of theoretical track overlap   

Line Offset (𝝁m) Group A Track Overlap (%) Group B Track Overlap (%) 

40 93.98 92.75 

100 84.96 81.89 

160 75.94 71.02 

A possible explanation for the absence of porosity in the central melt body of multi-tracks in Group B is 

described as follows. As previously discussed, a possible difference between Group A and Group B is the 

deposition nature of trailing versus persistent melt pool respectively. In the former case, the preceding track 

is already solidified while in the latter case, the preceding track persists as a liquid state during the 

deposition of a fresh track. In the former, the already solidified track would be at a lower temperature in 

contrast to the latter case since the liquid phase would indicate a higher temperature state. Evidently, during 

the deposition of a fresh track, the experienced temperature gradient at the inter-track region would be lower 

in the persistent melt pool case as opposed to the trailing melt pool condition due to the smaller temperature 

difference. Furthermore, as a fresh track is being deposited, while this can not only preheat the subsequent 

track as discussed before, it can also serve as a post heat for the previous track and lower both the local 

thermal gradient and cooling rate [117], [118], [122]. Furthermore, the solidification rate could also be 

consequently delayed. In Chapter 4, the previous modelling efforts demonstrated a low thermal gradient 

and cooling rate were associated with lower crack length density in the single-track condition. A similar 

phenomenon could be occurring for the case of the multi-track condition. The post heat process and 

persistent melt pool condition can sufficiently help lower the thermal gradient and cooling rate in the inter-

track regions. Consequently, the thermal conditions may help sustain and enhance the liquid feeding 

towards the inter-dendritic zones, compensating the solidification shrinkage and the mentioned strains. Thus, 

shrinkage pores and cracking are prevented within the central melt body of the deposited multi-track. 



 
 

76 

Due to the lack of subsequent tracks after the final track deposition, the absence of residual heating to lower 

the thermal gradient and cooling rate could explain the observed surge occurrence of shrinkage pores and 

cracks towards the final few tracks deposited in all multi-track samples. This could possibly be compensated 

with a post heating contour strategy after the multi-track deposition.  Meanwhile, as line offset is increased, 

the degree of residual post heating would be reduced [122]. As a result, this would facilitate an increase in 

the cooling rate and thermal gradient. Subsequently, an intensified number of shrinkage pores and cracks 

would be found in the inter-track melt pool boundaries of the central melt body region as witnessed for 

Group B at the higher line offset level of 0.16 mm. 

5.3.4 Microstructure: Grain Structure  

The use of EBSD analysis reveals the solidified grain maps and orientation of the EBM deposited 

CM247LC multi-tracks. Fig. 5-10 displays the former with the multi-track melt pool boundaries delineated 

by the white dashed line. Fig. 5-11 displays the IPF-Y grain orientation maps of EBM deposited CM247LC 

multi-tracks at varying line offset values at the constant middle track number level. For all cases, epitaxial 

growth phenomenon is observed whereby grains from preceding layers continually grow into the deposited 

multi-track region. In Fig. 5-10, for the most part, a great degree of columnar grains are observed in the 

multi-track region. However, some finer grains such as in the form of equiaxial grains are also present. The 

associated EBSD software, ESPRIT, was used for the rough measurement of grain sizes within the multi-

track melt region. For all multi-track samples, the average grain sizes ranged from 56.1 µm to 96.9 um. 

When the Track# = 5, Group A samples showed the highest grain sizes of 94.3 um, 96.9 um, and 90.2 um 

with increasing line offset order, whereas Group B showed the smaller grain sizes of 64.8 um, 56.1 um, and 

60.8 um. Interestingly, in comparison to the data group of track number of 5, the higher track numbers 

resulted in lower grain sizes for Group A, while the grain sizes were larger for Group B.  

In Fig. 5-11, for all cross section of the multi-track samples, the preference for the <100> crystallographic 

orientation, parallel to the build direction, is observed. This texture anisotropy is as expected since nickel 

superalloys, such as CM247LC, are face centered cubic (FCC) metals with <100> as their most favorable 

orientation for grain growth [80], [84]. Interestingly, a general recurring pattern of grains with different 

crystallographic orientations is observed in regions corresponding to the few tracks that were deposited last. 

This misorientation of grains highlights HAGB and such features have been previously studied as 

susceptible sites for defect occurrence, such as crack initiation [17].  
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Figure 5-10. EBSD grain mapping of EBM deposited CM247LC multi-track samples at track# = 25 and 
with varying line offset 

Figure 5-11. EBSD analysis of IPF-Y grain orientation map for EBM deposited CM247LC multi-track 
samples at a track# = 25 and varying line offset  
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5.4 Summary 
This work builds on the previous single-track study by investigating heat accumulation effects in the lateral 

stacking of multiple EBM deposited CM247LC single-tracks within a single layer. The lateral arrangement 

of multiple tracks is controlled by line offset, with the number of tracks, with their subsequent effects on 

build quality, melt pool morphology, and cracking susceptibility analyzed. The results of this study are 

summarized as follows:  

- Surface Topography and Melt Pool Behavior: The topographical surface and cross section of the 

experimental multi-track Group A and B (I = 5mA, v = 300 mm/s, and I = 11mA, v = 1200 mm/s 

respectively) supports the persistent and trailing melt pool nature. Group A facilitated a relatively 

uniform and flat surface with Sa ranging from 37-46 µm. Group B exhibited a wide variety of 

surface topography and was attributed possibly to the greater influence of Marangoni fluid flow. In 

this case, the line offset of 0.10 mm had the largest height difference in a given surface profile as 

evidenced by comparatively greater Sz.  

- Melt Pool Geometry: The increase in melt pool width, depth, and aspect ratio was associated with 

a decrease in line offset. Significantly, the width and depth of melt pool in the multi-track condition 

could be observed to be lower than the single-track condition.  

- Defect Trends: The average crack length density and areal defect density generally increased with 

VED (e.g. lower line offset) and lower track number. However, the individual focus on a both multi-

track experimental group demonstrated a lowering of defect propensity at a line offset of 0.10 mm, 

possibly indicating an optimal line offset value close to 0.10mm. 

- Defect Distribution: All cross section of multi-track samples displayed a concentration of 

shrinkage pores and cracks towards the last few deposited tracks, within the inter-track regions as 

delineated by the melt pool boundary. However, the parameter condition including a beam current 

of 11 mA, speed of 1200 mm/s, focus offset of 10mA, and line offset of 0.10 mm demonstrated a 

relatively limited or essentially defect free central melt body region. It was hypothesized that the 

persistent melt pool condition and post heating treatment from subsequent tracks fostered a 

sufficiently slow cooling rate and low thermal gradients in the inter-track regions, alleviating the 

strain and corresponding stress experienced.  
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Chapter 6. Conclusions and Future Works 

6.1 Conclusions 
The aim of this study was the process optimization of CM247LC parts as fabricated by electron beam 

melting with regards to mitigation of its crack susceptibility. In the pursuit of this endeavor, a simultaneous 

objective was developed to shed light on the relationship between process parameter, microstructure, and 

cracking behavior. This was carried out through a systematic bottom-up approach that started with the basic 

building block of single-tracks. Subsequently, the progression scaled to the next building block geometry 

which was the deposition of single layer of multi-tracks. 

First, the experimental single-tracks were used to study the effect of primary process parameters on the 

track quality, melt pool geometry, microstructure, and crack behavior. This investigation utilized a 33 full 

factorial design of experiment with beam current, speed, and focus offset as the three defined factors. The 

single-tracks quality was characterized by optical microscopy and laser confocal microscopy. Meanwhile, 

the observations of single-track cross sections under optical microscopy, scanning electron microscopy and 

electron back scattered diffraction enabled the analysis of its microstructure and cracking tendencies.  

Second, finite element method was used to create a thermal simulation of the CM247LC single-track 

deposition by EBM. The simple thermal model enabled the extraction of temperature profiles for all 

experimentally fabricated single-tracks in order to better grasp the spatial and temporal evolution of the 

thermal conditions. The thermal response of the material was described through thermal variables of 

thermal gradient, and cooling rate. Consequently, this fostered an apprehension of the influence by primary 

process parameters on the solidification conditions, and subsequently the inherent cracking behavior for a 

single-track. 

Third, the accumulation of heat from the lateral stacking of consecutive single-tracks was studied through 

the EBM deposition of single layer of multi-tracks. The effect of the number of consecutive tracks and line 

offset on the resulting single layer quality, melt pool morphology, and crack susceptibility was studied. This 

was explored by leveraging on the results of the single-track study, utilizing two process parameter recipe 

that displayed an inherently lower propensity towards cracking. The first selected recipe was a focus offset 

of 10 mA, beam current of 5 mA, and speed of 300 mm/s while the second recipe was a focus offset of 10 

mA, beam current of 11 mA, and speed of 1200 mm/s. In other words, the recipes were of a low current 

and speed extreme and a high current and speed extreme. Similar to the single-track exploration, surface 

confocal microscopy was used to evaluate the quality of the single layer deposited, while optical 

microscopy of the multi-track cross sections was used to investigate the melt pool geometry and the 

proneness of CM247LC towards defects such as cracking and porosity.   
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The findings of this study are listed as follows:  

• Single-Track Parameters: High LED produced uniform, continuous tracks, while low LED (while 

having higher beam speeds), reduced track stability. Melt pool depth, width and aspect ratio 

increased with LED, with focus offset effectively widening pools and limiting depth. Statistical 

analysis showed beam speed as the dominant factor influencing melt pool geometry over interactive 

effects.  

• Crack Mechanisms: Solidification and liquation cracks dominated, with severity rising with LED. 

A focus offset of 10mA, beam current of 5mA, and speed of 300mm/s yielded the lowest crack 

length density (0.25 mm/mm2), linked to a melt pool aspect ratio of 0.32. Cracks occurred at high-

angle grain boundaries, with liquation cracks transitioning to solidification cracks across melt pool 

boundaries, though finer equiaxed grains along boundaries reduced this propagation tendency. 

• Thermal Modeling: A finite element thermal model predicted the melt pool width and depth with 

<16% error per focus offset group and ~10% overall. Higher focus offset and distance from melt 

pool surface lowered peak temperatures. Thermal gradients increased sharply with depth at low 

LED, while high LED slowed changes in cooling rates. The increase in beam speed was found to 

increase all solidification parameters (cooling rate and thermal gradient), while higher LED reduced 

them. A lower maximum cooling rate and thermal gradient demonstrated a reduced crack length 

density and thereby improved the susceptibility of CM247LC towards cracking. 

• Multi-track Analysis: Low speed/low current conditions (v=300 mm/s, I=5 mA) produced stable, 

uniform multi-track layers (Sa = 37-46 𝜇m), while high-speed/high-current conditions (v = 1200 

mm/s, I = 11mA) showed varied topography, influenced by line offset and track number, likely due 

to persistent fluid states and Marangoni convection. Melt pool dimensions increased as line offset 

decreased. Although in some conditions, the multi-track pools were found to be narrower and 

shallower than single track ones.  

• Defect Trends: Lower line offset (while having higher VED) and fewer tracks increased crack 

length density, and areal defect density. A line offset of 0.10 mm reduced defects in both multi-

track groups, suggesting an optimal value nearby. Defects, including shrinkage pores and cracks, 

clustered in final tracks and inter-track regions. The recipe of focus offset = 10 mA, I = 11mA, v = 

1200 mm/s, and line offset = 0.10 mm minimized defects in the central melt body. 

The resulting research outcomes can empower both academic and industrial researchers with the 

fundamental knowledge of the interplay between print parameters, material behavior and the associated 

solidification conditions during the processing of CM247LC via EBM. This can help accelerate the 

developmental process of achieving a fully dense part. Alternatively, the basic understanding can also help 
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guide researchers in tailoring part deposition to achieve specific microstructures such as a highly valued 

single crystal microstructure. On the other hand, the preliminary examination of the different multi-track 

deposition nature and their potential linked benefits could inform future efforts to process other non-

weldable nickel superalloys or crack susceptible materials. The acknowledgement of the different 

deposition nature could also be significant in the design considerations of complex part designs and the 

selection of appropriate print parameters. This is because the variation in the cross-sectional width of a 

given slice will lead to a significant non-uniform thermal conditions and Marangoni convection, ultimately 

impacting the single layer deposition quality and the dimensional accuracy of the final part. 

6.2 Future Works 
The conducted research meets its objective of process parameter optimization of CM247LC parts fabricated 

by EBM. Furthermore, a foundational understanding was amassed with regards to the influence of certain 

user-defined print parameters on the resulting printed part quality, microstructure, and its susceptibility 

towards cracking. Nonetheless, several aspects of this study warrant further extended study as well as 

provides future direction for subsequent research. A few recommendations are listed as follows: 

- The multi-track study indicated a reduction in crack propensity around the line offset value of 0.10 

mm. While the initial study utilized a wide range of line offset values, a second round of multi-

track study could be used to further fine tune the line offset by exploring values near 0.10 mm.  

- The multi-track study only involved a focus offset of 10mA. it would be interesting to observe the 

role of focus offset in the lateral stacking of single-tracks. 

- During the multi-track study, the high current and speed extreme demonstrated features associated 

with a persistent melt pool character. This nature is seen to be a significant puzzle piece for the 

better control of the EBM deposition process and holds great promise in achieving a crack free part. 

As a result, it first merits a simple thermal model for confirmation of the persistent melt pool 

character. This thermal model can also confirm the qualitative discussion on the joint contributions 

of the persistent melt pool nature and post heating to lower the cooling rate, solidification rate, and 

thermal gradient of preceding tracks.  After the confirmation, the further exploration of beam return 

time can enhance the control of surface quality and its relationship with crack susceptibility. This 

would be achieved by using a constant focus offset, a high constant current, and various beam speed 

values.  

- All cross sections of the multi-track samples regularly displayed shrinkage pores and liquation 

cracks towards the end of the multi-track deposition, along the last few melt pool boundaries. A 

possible solution is to explore the application of a contour strategy with a defocused beam during 
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the post deposition. The purpose would be to lower the cooling rate and thermal gradient and 

thereby replicate the deposition conditions found in the central melt body of the multi-track layer.  

- The use of multiple tracks in a single layer focuses on the accumulation of heat originating from 

the lateral stacking of individual single-tracks. The next logical progression in the study is to 

explore the accumulation of heat originating from vertical stacking of single layers, e.g. fabrication 

of cubic parts. This would involve a study on the effect of layer thickness and scan rotation on the 

part quality, microstructure, and crack susceptibility. In addition, another relevant vertical 

arrangement parameter of concern is the number of layers. This significantly fosters an 

understanding on part scalability along the vertical direction, away from the base build plate.  
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