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Abstract 

Additive manufacturing (AM) is an advanced production technique that creates components by 

depositing material layer by layer. AM has been deployed industrially for producing metallic parts 

from alloys which pose challenges in traditional manufacturing processes like titanium alloys (Ti-

alloys). While Ti-alloys are widely utilized across industries due to their exceptional strength-to-

weight ratio, corrosion resistance, and toughness, machining titanium products is a complex 

endeavour. Laser Powder Bed Fusion (LPBF) as a metallic AM method presents an optimal 

solution. LPBF has been recognized as an appealing fabrication process for producing metallic 

parts with customized properties, however, obtaining these properties is quite challenging due to 

the interaction of several independent parameters. The properties of an LPBF-made product are 

highly dependent on the process parameters, which directly impact the melting and solidification 

of the molten metal. Hence, an in-depth investigation into the effect of process parameters on the 

melting and solidification conditions is necessary for manufacturing a high-quality product with 

tailored properties.  

The current research deals with LPBF of a recently developed Ti-alloy, Ti-5Al-5V-5Mo-5Cr (Ti-

5553). Among Ti-alloys, the β-metastable Ti-5553 offers a wide processing window, good 

hardenability, and excellent heat treatability, making it a preferred material in the aircraft industry. 

To generate an LPBF process map for Ti-5553 and assess the influence of process parameters on 

the properties of printed parts, an integrated single-track to multi-layer method was systematically 

employed. An investigation into the track morphology, melt pool geometry and melt pool 

microstructure composted of single-tracks was compared with a range of microscopic 

examinations and X-ray computed tomography measurements to multi-layer tracks to create a 

reliable process map. Following that, additional investigations were conducted on properties like 

mechanical performance and surface roughness, providing the manufacturer with additional 

information from each set of process parameters in order guide selection of processing parameters. 

Since some aspects of solidification, such as temperature gradient and solidification rate, are not 

easily measurable experimentally, numerical modelling can provide an efficient solution for 

studying the correlation between the process parameters and the geometrical and thermal 

conditions of the LPBF-made melt pool. Hence, a numerical heat transfer modelling with a novel 
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hybrid volumetric heat source has been proposed to simulate the LPBF of Ti-5553 alloy for the 

first time. The developed hybrid model, with an incredibly low modelling error, can predict melt 

pool geometry and thermal variables, at different locations and time steps during melt pool 

solidification to estimate many important aspects of the microstructure formation such as grain 

morphology, subgrain size, and grain growth direction. 

The gained knowledge from the experimental and numerical analyses of melt pool solidification 

under various process conditions is used to propose the “laser post-exposure treatment” as an 

innovative method for in-situ microstructure control during the LPBF process. The laser post-

exposure (PE) treatment is a secondary laser scanning with significantly lower energy input, 

conducted after the completion of the main laser scanning strategy on the loose powder and before 

spreading the new layer of powder. This in-situ microstructure control treatment results in the 

development of uniform, uninterrupted, and elongated grains. A printed part utilizing post-

exposure can be comparable to directionally solidified products used widely in industries for 

enhanced creep and fatigue resistance. It should be noted that this work is the first scientific attempt 

to control the grain structure via in-situ laser post-exposure. 
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Chapter 1 

1 Introduction 

1.1 Overview and motivations 

Additive Manufacturing (AM), as an advanced fabrication technique, which has begun to be 

utilized for producing metallic components, and holds great promise for the fabrication of titanium 

alloys (Ti-alloys) which pose challenges for traditional manufacturing methods [1–3]. While Ti-

alloys are highly valued in various industries for their impressive strength-to-weight ratio, 

excellent corrosion resistance, and toughness, the machining operation of Ti products can be quite 

challenging [4–6]. AM, by offering near-net-shape manufacturing, emerges as a promising 

solution for addressing this matter. Moreover, AM has enabled the fabrication of metallic parts 

with tailored properties [7,8]. Laser Powder Bed Fusion (LPBF) is one of the metallic AM 

methods, regarded as a feasible, versatile, and well-developed technique for fabricating products 

with custom properties [9,10]. This process involves several parameters that impact the properties 

of the final product. The process parameters affect the structure and microstructure of the LPBF-

made parts and, consequently, their mechanical behaviour [11,12]. Therefore, avoiding possible 

defects and achieving the wanted microstructure and properties necessitates finding the optimized 

process parameters for the specific material [13,14]. 

In recent years, research has been done on the optimization of the LPBF process for various 

materials. However, there are still several unknown issues to be studied, especially for the LPBF 

of recently developed alloys, like Ti-5Al-5V-5Mo-5Cr (Ti-5553). As Ti-5553 is a β-metastable 

Ti-alloy with a two-phase microstructure (β and α phases), it offers excellent heat treatability and 

a wide range of mechanical properties are possible for this alloy [15,16]. A minor change in the 

solidification condition of molten Ti-5553 leads to a noticeable difference in its microstructure and 

mechanical behaviour [17,18]. Hence, alongside the identification of a reliable process window, it 

is crucial to have a deep understanding of how each process parameter affects the 

melting/solidification procedure and microstructure formation. This knowledge aids 

manufacturers in making more precise choices and solutions for tailored manufacturing. It should 

be noted that the sample fabrication in process optimization with the trial-and-error approach or 
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even statistical method can be costly in terms of time, money, and materials. Therefore, an 

effective optimization approach with minimum sample fabrication that can provide comprehensive 

results would be invaluable. 

Since some aspects of solidification, such as temperature gradient and solidification rate, are not 

easily measurable experimentally, numerical modelling could be one of the most efficient ways to 

gain insights into the effects of process parameters on the elusive thermal variables of solidification 

[19–21]. Therefore, as there is no published modelling for LPBF-made Ti-5553, the development 

of a numerical model for LPBF of Ti-5553 is necessary. In addition to the thermal analysis, the 

melt pool geometry prediction is the other valuable product of the modelling. The melt pool size 

estimation can be used to mitigate defects like lack-of-fusion, without the need for time-consuming 

and expensive experimental tests [22]. It should be mentioned that various complex multi-physics 

phenomena engage in LPBF, including heat transfer, multi-phase transitions, Marangoni's flow, 

and recoil pressure. Considering all these complex physics drastically increases the computational 

time [23,24]. Hence, a dependable, efficient, and accurate model based on the physics of the LPBF 

process needs to be developed. 

As mentioned above, changes in the microstructure of an LPBF-made part can cause changes in 

mechanical and physical properties along with enhancement in the functionality of the final 

product [25,26]. One of the applicable controlled microstructures is directionally solidified (DS), 

which exhibits an elongated grain structure along a preferred direction. A well-defined temperature 

gradient during the casting process results in directional alignment of grains which can impart 

specific mechanical, thermal, or electrical properties to the material, making it useful in various 

applications, particularly in aerospace and advanced engineering where controlled material 

properties are critical [27–30]. The DS microstructure has never been produced using the AM 

methods. While a comprehensive experimental and numerical analysis of LPBF solidification is 

essential for achieving printed parts with customized microstructure, it alone is not enough. In this 

regard, a systematic study is needed to gain the knowledge required to control the formation of DS 

microstructures, followed by the design and addition of an extra experimental step to the LPBF 

process. 
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1.2 Thesis objectives 

The major goal of this research is to establish a link between LPBF process parameters and the 

corresponding microstructure and properties, a numerical model to fill that gap of experimental 

analysis, and an innovative method for in-situ microstructure control of the LPBF-made Ti-5553 

parts (Fig. 1-1). To accomplish the tasks mentioned above, this thesis aims to achieve the following 

main objectives: 

 

• Investigate the solidification process in the melt pool of the recently developed Ti-5553 

alloy, through the fundamental “single-track” and “multi-layer” studies to establish a 

reliable process map. 

 

• Explore the impact of process parameters on printed part properties, including formed 

microstructure and mechanical behaviour, for customized manufacturing solutions. 

 

• Develop a new hybrid heat source model to simulate the temperature distribution in the 

melt pool area and extract thermal variables such as temperature gradient and solidification 

rate. 

 

• Introduce an innovative "laser post-exposure treatment" for in-situ microstructure control 

during laser powder bed fusion. 
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Figure 1-1: Graphical abstract of the objectives in this thesis. 
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1.3 Thesis outline 

This thesis consists of 7 chapters which have been organized in the following way. Chapter 1 

presents a brief overview of LPBF of Ti-5553, problem definition, motivations, objective, and 

outline of the current research. Chapter 2 provides a literature review on the LPBF of Ti-5553 

and the relevant details about the quality of printed parts. In Chapter 3, a comprehensive study on 

LPBF-made single-track and multi-layer samples was conducted to establish a process map for Ti-

5553. In addition to measuring the density of 3D-printed multi-layers, track surface morphology 

and melt pool geometry for each set of process parameters were thoroughly examined to ensure 

the reliability of the process map. Continuing from the discussions in Chapter 3 regarding LPBF 

process optimization, the effects of the significant process parameters on the properties of the 

printed parts are investigated in Chapter 4. Given the distinct properties and qualities associated 

with each set of process parameters falling within the desired process window, additional 

investigations, such as the assessment of microstructure and mechanical behaviour, are carried out 

on these sets. Chapter 5 proposes a novel hybrid heat source model for the numerical modelling 

of the heat transfer in the LPBF-made melt pool of Ti-5553. The simulated melt pool geometry, 

temperature distribution, and thermal variables such as temperature gradient and solidification rate 

are extracted from the modelling to use for investigation on the solidification and microstructure 

formation. The gained knowledge from Chapters 3 to 5 is used in Chapter 6 to introduce the laser 

post-exposure treatment as an innovative method for in-situ microstructure control during the 

LPBF process. The post-exposure (PE) treated microstructure is comparable with the directional 

solidification (DS) microstructure which can anisotropically enhance some mechanical properties 

such as strength and creep resistance. Finally, a summary of the important findings, conclusions, 

and scope for future work of the current research are outlined in Chapter 7. It should be mentioned 

that Chapters 3 - 6 are adapted from published papers or submitted manuscripts for publication. 
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Chapter 2 

2 Background and Literature Review 

2.1 Additive Manufacturing 

Additive Manufacturing (AM), also known as 3D printing, creates components in a layer-by-layer 

procedure using a computer-aided design (CAD) file. Unlike traditional manufacturing, where a 

block is formed through casting or forging and then machined to create the final product, AM 

directly produces the desired geometry with minimal additional processing required [2,31]. One 

of the key aspects of AM is its ability to create complex parts in a single step, whereas in traditional 

manufacturing, complex components are assembled from various smaller and simpler parts in 

subsequent stages [3,7].  

AM streamlines the manufacturing process, reducing the number of steps required to produce the 

final part, whether the material is plastic, concrete, or metal. Various metal AM methods are 

available, including Laser Powder Bed Fusion (LPBF), Electron Beam Melting (EBM), and Binder 

Jetting (BJ) [1]. Among these metal AM techniques, LPBF is considered a feasible fabrication 

method for producing final parts with tailored geometry and properties [9]. 

2.1.1 Laser Powder Bed Fusion 

In Laser Powder Bed Fusion, a thin layer of powder is evenly spread across the build plate by the 

recoater system. The laser then precisely fuses designated regions on the build plate according to 

the cross-section defined in the layered CAD file. This cycle is repeated for successive layers until 

the entire part is fabricated (Fig. 2-1) [32,33]. Due to the unique capability of LPBF in the 

fabrication of complex parts within anticipated properties, this manufacturing process is widely 

used in different industries such as aerospace, energy, medical, and automotive [34]. 

The LPBF process involves numerous independent process parameters, such as laser power, laser 

scanning speed, hatch space (the distance between two adjacent scan paths), and layer thickness 

(the thickness of each layer, equivalent to the incremental amount of the lowering building bed) 

[13]. While manufacturing with multiple process parameters presents challenges and requires 

optimization, these controllable variables offer significant potential for producing products with 
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alloys like titanium alloys (Ti-alloys), which conventional production methods often struggle to 

achieve [3,25]. 

 

 

Figure 2-1: (a) Schematic representation of the LPBF process and (b) the LPBF process parameters [32,33]. 

 

Compared to other high-strength metals such as steel and Ni-base alloys, machining operations of 

titanium products are challenging and costly [5]. This difficulty is attributed to several unique 

physical and chemical properties of titanium. These include its high strength, low thermal 

conductivity, and chemical reactivity with tool materials, particularly at elevated temperatures, 

leading to significant tool damage and reduced tool life. Additionally, its relatively low Young's 

modulus results in spring-back, causing poor surface quality, and its high chemical reactivity, 

combined with low hardness, can give rise to the galling phenomenon [6,35]. Consequently, AM 

stands out as one of the most suitable manufacturing processes for creating titanium parts. 

2.2 Titanium alloy 

Titanium is a nonmagnetic element with low density and a relatively high melting point. The 

maximum operational temperature for structural titanium components is around 600 °C, which can 

be enhanced through the addition of alloying elements [6,35]. Various titanium alloys (Ti-alloys) 

offer a combination of high strength-to-weight ratio, excellent toughness and stiffness, 

composability, biocompatibility, as well as strong resistance to corrosion and creep. These 
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exceptional properties make them well-suited for a wide range of applications across industries, 

including aerospace, automotive, medical, and marine [4,36–38]. 

2.2.1 Phase metallurgy of Ti-Alloy 

Titanium, being a transition element with allotropic behaviour, exhibits varying solid-state crystal 

structures at different temperature ranges. At low temperatures, pure titanium possesses a 

hexagonal close-packed (hcp) crystal structure known as the α phase, while at higher temperatures, 

typically between the beta transus temperature (approximately 885 °C) and the melting point (1670 

°C), it adopts a body-centred cubic (bcc) crystal structure known as the β phase [16,39]. 

The alloying elements in Ti-alloys are primarily chosen based on their impact on the proportions 

of the α and β phases below the beta transus point. They can be categorized into three groups: 

Alpha-stabilizers, Beta-stabilizers, and Neutral additions. Alpha-stabilizers are elements that 

favour the α phase and expand the temperature range in which it exists, effectively raising the beta 

transus temperature. Aluminium (Al), Gallium (Ga), Germanium (Ge) and interstitial elements 

(oxygen, nitrogen, and carbon) are some examples of alpha-stabilizer elements. Conversely, beta-

stabilizers lower the beta transus temperature and support the stability of the β phase at lower 

temperatures. The beta-stabilizers are typically bcc in their crystal structure, including Vanadium 

(V), Molybdenum (Mo), Niobium (Nb), Tantalum (Ta), Chromium (Cr), and Iron (Fe). Neutral 

additions cause a negligible reduction in the beta transus temperature and dissolve in both α and 

β phases [39–41]. 

Based on the aforementioned categorization of alloying elements, titanium alloys (Ti-alloys) can 

be classified into three primary groups: α alloys, α-β alloys, and β alloys. In addition to these main 

categories, there are two other subdivisions: near-α alloys and β-metastable alloys. Each of these 

groups possesses distinct properties. Fig. 2-2 provides a diagram illustrating the influence of 

alpha-stabilizers and beta-stabilizers on the behaviour of Ti-alloys [6,35,42,43]. 

The α alloys encompass commercially pure titanium (cp-Ti) and alloys containing α-stabilizers 

and/or neutral elements. When a small amount of β-stabilizer is added, the Ti-alloys are referred 

to as near-α alloys. α+β alloys typically have a β volume fraction ranging from about 5% to 40%. 

The next category is β-metastable titanium alloys, which still exhibit two phases. In β-metastable 

alloys, the level of β-stabilizer is increased to the point where the β phase no longer transforms 
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into martensite upon rapid quenching. It is important to note that these alloys can still have a 

volume fraction of more than 50% α phase. The final group consists of single-phase β alloys, 

which predominantly consist of β phase [6,35,42,43]. 

 

 

Figure 2-2: Classification of Ti-alloys and effects of alpha-stabilizers and beta-stabilizers on Ti-alloys behavior 

[6,43]. 

 

2.2.2 Ti-5Al-5Mo-5V-3Cr (Ti-5553) alloy details 

This study deals with Ti-5Al-5Mo-5V-3Cr (Ti-5553), a β-metastable alloy with martensite-

suppressing elements such as V, Mo, Cr, Mn, Fe, Co, Ni, W, Ta, and Nb [44]. In comparison with 

the most widely used Ti-alloys, Ti-6Al-4V, the addition of Mo has been used to increase the 

corrosion resistance, Cr improves heat and corrosion resistance and more V provides higher wear 

and heat resistance [45]. 

Ti-5553 was designed in the late 1990s, based on the older VT22 alloy, by the VSMPO corporation 

in Russian, the world's largest titanium producer. They developed Ti-5553 to improve the 

processability and performance of the established Ti-10V-2Fe-3Al alloy. By the modification, Ti-
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5553 has deeper hardenability and is capable of high-strength forging applications [36,46,47]. The 

β-metastable Ti-5553 has been selected as the truck beam component material based on the high 

strength and hardenability, of the Boeing 7E7 and Airbus A-380 landing gear. Recently, it has 

been employed in load-bearing fuselage components, high-lift devices in wide-body aircraft and 

even nacelles and wings, as well as landing gear [15,16,36,48,49]. 

As mentioned above, in β-metastable alloys, β-stabilizers are increased to a level where the β phase 

no longer transforms to martensite upon fast quenching and the final microstructure remains as 

single-phase β to room temperature. However, slow cooling from above the β transus point, during 

the manufacturing process or aging  heat treatment below the β transus can cause the formation of 

the α phase [50–52].  

In Fig. 2-3, three common types of α phases can be observed in the heat-treated Ti-55531 alloy, 

which exhibits a microstructure quite similar to that of Ti-5553. These phases include globular 

primary alpha (αp), needle-shaped secondary alpha (αs), and grain-boundary alpha (GBα), which 

are dispersed within the β matrix. In the lamellar microstructure, coarse lamellar αs are uniformly 

distributed within the β phase, whereas in the bimodal microstructure, in addition to the fine αs, 

the αp and GBα are also present [53,54]. 

The difference in the shape, size and distribution of the α phases in the β phase matrix may have a 

significant effect on the hardness, strength, toughness and other mechanical behaviours of Ti-5553 

[55]. This is one of the most important features of this alloy. For instance, Huang et al. [53], have 

reported that the lamellar microstructure exhibits remarkably lower strength and slightly higher 

ductility, compared to the bimodal microstructure. Therefore, the effects of the manufacturing 

process and supplementary post-processing on the microstructure and phase transformation of Ti-

5553 should be taken into consideration.  
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Figure 2-3: SEM images showing (a) the lamellar and (b) bimodal microstructures of heat-treated Ti-55531. The 

globular primary α, needle-shaped secondary α, and β matrix are marked. The mentioned phases, grain boundary α, 

and dislocations are also shown in the TEM images of (c) the lamellar and (d) bimodal microstructures [53]. 

 

Schwab et al. [55] have investigated the effect of α phase formation on the mechanical properties 

of printed Ti-5553. Fig. 2-4 shows in the presence of the α phase, the compressive stress of LPBF-

made Ti-5553 has been significantly increased by about 60% [55]. 

 

 

Figure 2-4: (a) X-ray diffraction result confirming the presence of α and β phases, and (b) effect of α phase on 

compressive strength of two LPBF-made Ti-5553 samples [55]. 
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2.3 LPBF of Ti-5553 

Traditional manufacturing encompasses a step-by-step process of converting raw materials or 

semi-finished products into final items, with each step adding value. Various methods such as 

casting, machining, and welding are employed, each presenting unique challenges in the 

production of Ti-alloy parts [38,39]. 

One of the challenges in the investment casting of Ti-5553 products is the presence of a hard and 

brittle layer, named α case, on the outer surface of the part which causes defects in the mechanical 

properties. The formation of this undesirable case is attributed to the interaction between the alloy 

and the ZrO2 face coating, as well as the remaining oxygen within the shell mould [40,41]. Ti-

5553 presents significant challenges when it comes to subtractive manufacturing. This difficulty 

is mainly due to the high chemical reactivity and low thermal conductivity of titanium, which can 

lead to a substantial reduction in the lifespan of cutting tools. Additionally, the remarkable high-

temperature strength and low elasticity modulus of titanium adversely affect its machinability 

[13,14]. The welding of Ti-5553 leads to a varied microstructure in the weld region, where the 

fusion zone suffers from a reduction in Al content and decreased hardness values. During welding, 

localized heating induces residual stresses as the weld contracts in the final stages of the joining 

process. These residual stresses not only result in notable distortion but also have a detrimental 

impact on the fatigue properties [25,42,43]. 

Unlike conventional manufacturing, which often requires multiple stages to produce intricate 

shapes, LPBF, as a controllable AM fabrication method, can create highly complex products in a 

single automated step, eliminating the need for human intervention [4,5]. Moreover, LPBF, the 

same as other AM techniques, introduces new areas of interest in manufacturing, such as Design 

for Additive Manufacturing (DfAM). DfAM is an engineering process that enables the creation of 

more complex shapes and production components, all while reducing both weight and material 

usage [44]. 

LPBF is a feasible manufacturing method for Ti-alloy parts fabrication with customized properties, 

however, achieving these properties is quite challenging due to the involvement of several 

independent parameters. The multitude of process parameters associated with this method 

necessitates the optimization of the process for specific materials [4,45]. Achieving high-quality 
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parts in LPBF relies significantly on the melting and solidification process during manufacturing, 

necessitating thorough investigation alongside process optimization efforts [10,46]. Simulating the 

LPBF process offers valuable insights into understanding the impact of process parameters on 

temperature distribution and thermal condition of the fabricated part, all without the need for 

conducting a large number of trial-and-error experimental tests [47,48]. Therefore, simulation or 

modelling serves as a valuable resource for gaining a comprehensive understanding of the LPBF 

process, particularly when it comes to controlling the microstructure and properties of printed parts 

[6,49]. In the following sections, process optimization, LPBF modelling, and microstructure 

evolution will be reviewed. 

2.4 Process optimization 

Fabricating a part with ideal properties is a challenging task, primarily due to the intricate physical 

interactions resulting from the laser-powder interaction of the LPBF process and the multitude of 

process parameters at play. Furthermore, the process parameters vary with different materials, 

adding another layer of complexity to the printing of a desirable final product [8,56]. Hence, the 

optimization of the LPBF process for a specific material is necessary. 

LPBF of Ti-5553 is a relatively recent development with a limited number of research studies. 

Schwab et al. [17] studied the printability of Ti-5553 and could successfully print a part with 

99.95% density, featuring a tensile strength and strain capacity of around 800 MPa and 14%, 

respectively. Bakshivash et al. [57] optimized the LPBF process for Ti-5553 using Volumetric 

Energy Density (VED), achieving a favourable 99.92% relative density, less than 12 μm surface 

roughness, and a hardness of 295 ± 10 HV.  

Volumetric Energy Density is defined as the average energy transferred to a volume of material 

and it is one of the LPBF parameters representatives that is comprehensive. In addition to 

determining the process window for a material, the VED could be normalized against enthalpy and 

used for the comparison of multiple materials [58,59]. VED [J/mm3] is given by some different 

equations and here Eq. 2-1 presents one of the general formulae to calculate that [60,61]. 

𝑉𝐸𝐷 =
𝑃

𝜈𝑑𝑙
                                                                                                                                  (2-1) 
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where P represents the laser power [W], 𝜈 is the laser scanning speed [mm/s], d is the laser spot 

diameter [mm] and l is the layer thickness [mm].  

Ramachandiran et al. [5] determined the impact of VED values on the relative density through 

Archimedes’ density measurements of Ti-5553 samples and were able to show that the highest 

values were associated with maintaining the conduction melting band. They also investigated the 

mechanical behaviour and the formed microstructure of full-dense Ti-5553 samples, printed with 

the lowest and the highest identified VED. As shown in Fig. 2-5a, the conduction melting mode 

can be achieved when the VED value is between 39.1 J/mm3 and 56.1 J/mm3. Lower and higher 

than this range exhibit a lack-of-fusion melting mode and a keyhole melting mode, respectively. 

Fig. 2-5b shows irregular lack-of-fusion defects at VED = 30.9 J/mm3 and spherical keyhole 

defects at VED = 75.5 J/mm3 [5]. 

 

 

Figure 2-5: (a) Melting mode regions based on Archimedes’ relative density across the VEDs considered (b) OM 

images of samples printed in different VED ranges [5]. 

 

The mechanical behaviour of LPBF-made Ti-5553 has been studied and compared to the Ti-5553 

parts made by conventional methods. As can be seen in Fig. 2-6, the reported strength and 

elongation for the as-printed Ti-5553 in the literature are about 780 MPa and 13-35%, respectively 

[5,17]. It is worth mentioning that the strength and elongation in a vacuum arc melted (VAM) and 
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forged Ti-5553 alloy have been reported to be approximately 1160 MPa and 5.5%, respectively. 

The primary cause for the considerable strength variation between as-printed and conventionally 

manufactured Ti-5553 lies in the reduced formation of the α phase during supercooling in metal 

printing processes [36,57,62]. 

 

 

Figure 2-6: (a) Engineering stress-strain curves of LPBF-made samples with E-Low (P=187.5 W & v=1120 mm/s) 

and E-High (P=187.5 W & v=751 mm/s), compared with VAM and forged Ti-5553 from literature [5,62]. (b) 

Engineering stress-strain curves of LPBF-made 3 samples with process parameters of P=100 W & v=180 mm/s [17]. 

 

The optimization process could be assessed through a methodology that can comprehensively 

uncover how different main factors such as laser power and scanning speed affect melting and 

solidification. It should be considered that the common full factorial design of the experiment 

approaches may require a significant number of sample printing and experiments [63]. A single-

track study is a dependable and thorough method for efficiently examining how process conditions 

affect the quality of printed parts [59,64].  

2.5 Experimental single-track study 

During the LPBF process, the interaction of laser irradiation and powder material results in two 

basic phenomena of melting and solidification. Since these two key steps affect significantly the 

formed microstructure and properties, understanding them is extremely important [3,65].  
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The melting and solidification phenomena can be precisely studied based on the melt pool features 

and microstructures [66]. A melt pool refers to the molten region of metal powder particles created 

by the focused laser beam during the additive manufacturing process. The correlation between the 

process parameters and the melt pool evolution can show how the process conditions influence the 

quality of the printing [67]. Hence, a comprehensive single-track study facilitates understanding 

various aspects of the solidification process [68,69]. In the single-track study, track surface 

morphology and melt pool size are examined. Tenbrock et al. [64] investigated the single-track 

geometry created under various laser powers, scanning speeds, and laser spot sizes to optimize the 

LPBF process for stainless steel (Fig. 2-7) [64]. 

 

 

Figure 2-7: (a) Qualitative and quantitative analysis of single-track geometry (the parameters are laser power, spot 

size, and scanning speed, respectively). (b) Process window based on the single-tracks conditions [64]. 

 

In Fig. 2-7a, both qualitative and quantitative assessments of single-track geometry from top and 

cross-sectional views are presented. In this research, a value of 0.8 has been defined as the melt 
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pool depth-over-width ratio at the conduction to keyhole melting mode threshold. Fig. 2-7b 

categorizes the process parameters into four groups based on the conditions of the single tracks: 

keyhole, conduction, transition, and unstable [64]. 

In addition to the optimization, the single-track study can be employed for microstructure 

evaluation. He et al. [70] investigated the influence of laser power and scanning speed on the 

microstructure formation in LPBF-made H13 steel single-tracks. In Fig. 2-8a, the microstructure 

characterization reveals that the upper part of the melt pool exhibits a cellular fcc microstructure 

within a bcc matrix, whereas the microstructure in the bottom part of the melt pool consists of 

coarse white ferrite (bcc) and fine white ferrite (fcc) within a bcc matrix [70]. Vecchiato et al. [71] 

examined the microstructure of the 316L steel melt pool and reported the crystal orientation texture 

of these grains. 

 

 

Figure 2-8: (a) Microscopic observation of H-13 steel single-track melt pool and (b)(c) 2 types of detected 

microstructures [70]. (d) EBSD map shows the grain crystal orientation in the melt pool [71].  
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It is worth noting that in the experimental analysis, certain critical aspects of the correlation 

between the formed microstructure and LPBF process parameters remain unknown due to the 

nearly unmeasurable nature of key thermal variables such as temperature gradient and 

solidification rate [8,72]. Modelling is a valuable tool for gaining insights into the thermal analysis 

of the LPBF process, and the next section will review the work of several researchers who have 

focused on simulating LPBF. 

2.6 Numerical thermal analysis  

Modelling of the LPBF process provides an insight into understating the effect of process 

parameters on temperature distribution and thermal condition of the printed part without 

conducting a high number of trial-and-error experimental tests [72,73]. One of the fastest and most 

efficient numerical methods to perform thermal analysis for the LPBF process is the Finite Element 

(FE) method. The FE method has been extensively used for LPBF modelling by many researchers 

due to the capability of FE to model different laser heat source profiles [74–77]. 

In the numerical modelling of the LPBF process, several challenging physical phenomena, such 

as distributed powder material, phase transformation, vaporization, and Marangoni effects, need 

to be taken into consideration [78–80]. While incorporating all these complex multi-physics 

aspects enhances the accuracy of the modelling, it may lead to intricate and time-consuming 

problem-solving. Consequently, some researchers have proposed conduction-based modelling for 

microscale continuous-domain simulation. In this type of modelling, fluid dynamics and 

convective thermo-flow are neglected (conduction-based), the interaction between the heat source 

and the material is studied on the scale of melt pools (microscale), and instead of treating individual 

powder particles as independent domains, continuous geometry domains are modelled 

(continuous-domain) [20,23,81–85]. 

To assess the temperature distribution and the formation of melt pools during the LPBF process, a 

heat transfer problem can be defined by considering the significant thermal mechanisms. Two 

primary 3D components can be designed: a powder part and a bulk part. The laser beam irradiation 

can be modelled as a moving heat source that inputs heat flux onto the top of the powder part (Fig. 

2-9). The material's initial state and thermophysical properties (e.g., thermal conductivity, density, 

and specific heat capacity) must be considered for both mentioned parts. Achieving a reliable 
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solution necessitates the consideration of material state variations at different temperatures and 

conditions [23,83,86,87].  

 

 

Figure 2-9: Schematic diagram of the LPBF process with a temperature distribution cross-section [84]. 

 

Fig. 2-9 depicts a schematic diagram of the LPBF process featuring a modelled 3D moving heat 

flux with Gaussian heat distribution, along with a cross-sectional view of the temperature 

distribution in the molten pool and heat-affected zones [84]. As shown in Fig. 2-9, the shape and 

dimensions of the melt pool can be extracted from the simulation.  

The melt pool geometry prediction is one of the most useful applications of the LPBF process 

simulation. The melt pool shape and geometry contain some valuable information such as material 

printability, acceptable process parameters range, melting and solidification modes, and possible 

defects [10,70]. Also, the comparison of simulated melt pool dimensions with experimentally 

measured melt pool size can be used for model validation and calibration.  

Fig. 2-10a reveals the simulated melt pool dimensions. In this figure, the simulated melt pool 

depth, width, and length are 190 μm, 135 μm, and 660 μm, respectively [88]. Fig. 2-10b illustrates 

a comparison between experimental and numerical melt pool geometry. The simulation shows a 

good agreement with the size of experimental track cross-sections [89]. 
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Figure 2-10: (a) Simulated melt pool dimension [88]. (b) Comparison of the experimentally and numerically 

measured melt pool geometry, created under different scanning speeds [89]. 

 

Another valuable application of LPBF process modelling is the prediction of microstructure by 

calculating thermal variables such as temperature gradient and solidification rate. As illustrated in 

Fig. 2-11a, the cooling rate, temperature gradient, and solidification rate are extracted from various 

points in the modelled melt pool. By correlating these calculated thermal variables with 

experimental grain morphology, a criterion for the columnar-to-equiaxed transition (CET) in 

single tracks can be established [86]. Additionally, the simulated cooling rate can be combined 

with empirical equations to predict the primary dendritic arm spacing (PDAS) in the melt pool 

(Fig. 2-11b) [90]. 

 

 

Figure 2-11: (a) Estimated cooling rate, temperature gradient and solidification rate at different points of the 

modelled melt pool [86]. (b) Simulated temperature distribution across the transverse section of the melt pool and 

site-specific primary dendritic arm spacing (PDAS) across the melt pool [90]. 
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The knowledge gained from experimental and numerical analysis of melt pool solidification 

provides a more precise understanding of the microstructure formation, which can be utilized for 

microstructure control in LPBF [91,92]. Microstructure control is a novel topic that has garnered 

considerable attention among researchers in the field of additive manufacturing. 

2.7 Microstructure control in LPBF 

While the large number of process parameters in additive manufacturing can pose a challenge to 

achieving optimal quality, it provides the manufacturer with more flexibility in controlling the 

manufacturing process. If the manufacturers thoroughly understand the relationship between 

process parameters and manufacturing conditions, controlling these parameters enables them to 

engineer the microstructure and properties of the printed part [26,34,92]. This is one of the 

advantages of additive manufacturing that is sometimes not achievable in traditional production 

methods. 

Microstructure control is carried out through various methods, but almost all of them are based on 

temperature distribution and melt pool geometry control. The use of various scanning strategies 

and different laser intensity profiles (laser beam shaping) are among the methods of controlling 

microstructure [93–95]. For instance, Ishimoto et al. [96] employed various X-Scan and XY-Scan 

strategies to control crystallographic orientation. As depicted in Fig. 2-12, a 90° rotation of 

scanning in each layer produces a distinct crystallographic texture. They deduced that the 

microstructure achieved through the XY-scan strategy resulted in anisotropy, manifesting in a 

decreased Young’s modulus along the build direction of the printed specimens [97]. 

 

 

Figure 2-12: Schematic representation of scanning strategy and the developed crystallographic texture for (a) X-

Scan and XY-Scan [96]. 
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Marattukalam et al. [98] reported on how scanning strategies can result in different textures, 

thereby influencing mechanical properties. As illustrated in Fig. 2-13b, the samples created by Y-

Scan and Z-Scan exhibit preferential growth directions of the columnar cells parallel to <110> and 

<100>, respectively, whereas the sample created by Rot-Scan displays a random crystallographic 

texture. Fig. 2-13a demonstrates that the mechanical behaviour, influenced by microstructure, can 

be significantly different [98]. 

 

 

Figure 2-13: (a) Variation in porosity, ultimate tensile strength, and percentage elongation with different laser 

scanning strategies. (b) EBSD IPF maps, showing crystallographic grain orientations when scanned along the Y-

axis, Z-axis and at 67° rotation [98]. 

 

Laser beam shaping is emerging as another method for microstructure control, attracting recent 

attention from researchers [99,100]. Roehling et al. [101] studied the impact of Gaussian and 
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elliptical beam profiles on controlling grain nucleation and morphology. Figures 2-14a and 2-14b 

illustrate the simulated formation of single-tracks and melt pools using Gaussian and elliptical 

beam shapes, respectively. As depicted in Figures 2-14c to 2-14f, although the crystallographic 

texture in all samples is the same, the microstructure fabricated by the Gaussian beam shape 

exhibits a higher grain size compared to samples created by the elliptical beam shape [101]. 

 

 

Figure 2-14: Simulation of single tracks formed using (a) a Gaussian beam shape and (b) an elliptical beam shape. 

Inverse pole figure (IPF) maps and grain size analysis for microstructures of cubes built with (c,d) a Gaussian beam 

and (e,f) an elliptical beam [101]. 
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In addition to the mentioned methodologies, there are other innovative methods utilized for 

microstructure control. One such method, employed by Schwab et al. [55], involves regulating the 

formation of the α phase in Ti-5553. They maintained a constant build plate temperature of 500°C 

during LPBF, effectively inducing a heat treatment during production, resulting in a higher α phase 

content in the final microstructure [4,55]. In the current thesis, an innovative approach will be 

proposed using secondary laser scanning to control the grain morphology of the printed part. This 

method, termed “laser post-exposure treatment,” will be discussed in Chapter 6. 

2.8 Summary 

Among AM techniques, LPBF stands out as a highly effective method for manufacturing 

customized metallic parts, especially when conventional manufacturing faces challenges. The 

production of titanium parts, known for their versatility, proves difficult with subtractive methods, 

making LPBF a suitable alternative. Despite recent research efforts exploring LPBF processes with 

various materials, several unknowns persist, particularly concerning the LPBF of recently 

developed alloys like Ti-5Al-5V-5Mo-5Cr (Ti-5553). An in-depth comprehension of the LPBF 

process for metals hinges upon a precise understanding of melting and solidification phenomena. 

Integrating experimental single-track and multi-layer studies, with numerical modelling of melting 

and solidification in the melt pool yields comprehensive insights that have not been done so far. 

The capability to control the microstructure and tailor the properties of printed parts stands as a 

distinct advantage of additive manufacturing, often unattainable in conventional manufacturing 

methods. Although the formed microstructure under various controlling methods has been studied, 

targeted microstructure control (e.g., directionally solidified (DS) microstructure), especially for 

Ti-5553, has not been carried out. Based on the published studies, while a comprehensive 

experimental and numerical analysis of LPBF solidification is essential for achieving Ti-5553 

printed parts with customized quality, a systematic study is needed to gain the knowledge required 

to control the formation of tailored microstructures during the LPBF process.  
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Chapter 3 

3 LPBF Process Optimization through Comprehensive Single-track 

and Multi-layer Studies 

3.1 Introduction 

Additive manufacturing (AM) is an advanced fabrication method used to construct parts through 

layer-by-layer deposition. AM offers incredible potential for manufacturing products with alloys 

like titanium alloys (Ti-alloys), which face difficulties in conventional production methods [1–3]. 

While Ti-alloys find extensive use in various industries because of their high strength-to-weight 

ratio, excellent corrosion resistance, and good toughness, the machining operation of Ti products 

is not simple [4–6]. To address these challenges, Laser Powder Bed Fusion (LPBF) as a metallic 

AM method can offer an ideal solution. LPBF is known for its feasibility in fabricating parts with 

customized properties, but obtaining these properties is quite challenging due to the involvement 

of several independent parameters [7,8]. The quality of the produced piece is highly dependent on 

the process parameters, as these parameters directly affect the melting and solidification of the 

molten metal [14,102,103]. Hence, an investigation into the effect of process parameters on the 

melting and solidification condition is necessary for the quality assessment of a printed part [13]. 

Among Ti-alloys, recently developed β-metastable Ti-5Al-5V-5Mo-5Cr (Ti-5553) offers a wide 

processing window, and excellent heat treatability, making it a preferred material in the aircraft 

industry [15,16]. LPBF of Ti-5553 is a relatively new development, and as a result, there is a 

limited number of published research studies on this topic. Schwab et al. [17] conducted a study 

on the printability of Ti-5553 and successfully printed a part with a density of 99.95% and a pure 

β phase microstructure, which achieved a tensile strength of about 800 MPa and a strain of up to 

14%. Bakshivash et al. [57] optimized the LPBF of Ti-5553 using the volumetric energy density 

(VED). They achieved a good relative density of 99.92%, a surface roughness of < 12 μm, and a 

hardness of 295 ± 10 HV, using a VED of 112 J/mm3 [57]. Ramachandiran et al. [5] investigated 

the mechanical behaviour and the formed microstructure of full-dense Ti-5553 samples printed 

with the lowest and highest identified VED. The printed samples exhibited a YS/UTS of 780 ± 10 

MPa with an elongation of 30 ± 5% [5]. 
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Tailored manufacturing requires an in-depth understanding of how the main LPBF process 

parameters influence the melting and solidification conditions. Keshavarzkermani et al. [59] 

conducted the “single-track study” method to investigate how LPBF process parameters affect the 

melt pool solidification of Hastelloy X, examining the geometry and microstructure of the single-

track melt pools under varying process parameters. The single-track study is a detailed 

examination of the single-scan laser tracks on the powder material to understand how process 

conditions affect the formation and characteristics of the melt pool [10]. This fundamental method 

has been extensively used in experimental research and modelling by several researchers 

[56,78,104–107]. The single-track study will be more productive when coupled with the evaluation 

of 3D samples, allowing for a more holistic understanding of the fabrication. Guo et al. [68] 

proposed a process map for IN738LC, based on characteristics of track morphology, melt pool 

geometry, and the pore condition in the printed bulk samples. In addition to the fabrication map, 

He et al. [70] established a relationship between the microstructure and the cracking behaviour of 

H13 tool steel through a single-track to 3D cube study. 

In this chapter, the single-tracks, along with multi-layers were studied to systematically identify 

the optimal process parameters and explore the impact of these parameters on the quality of the 

printed Ti-5553. The knowledge gained from the investigation of track morphology and melt pool 

geometry was integrated with the observed microscopic examinations and X-ray computed 

tomography measurement to create a reliable process map. 

3.2 Material and experiment 

In this section, the sample fabrication and characterization methods that were employed for the 

identification of the process map (Chapter 3) and the investigation of the effect of process 

parameters on the properties of the printed parts (Chapter 4) will be introduced. 

3.2.1 Sample fabrication 

Plasma-atomized Ti-5553 powders, produced by AP&C were used to fabricate test specimens with 

chemical compositions (wt.%) as reported in Table 3-1. The fabrication was carried out using the 

EOS M290 machine, which was equipped with a 400 W ytterbium continuous fibre laser with a 

wavelength of 1060 nm, under a high-purity argon gas atmosphere. 



27 

 

 

Table 3-1: Chemical composition of the as-received Ti-5553 powder 

Al V Mo Cr Fe O N C Ti 

5.14 4.98 4.97 2.91 0.37 0.09 0.01 0.01 Balance 

 

Single-tracks and multi-layers of Ti-5553 were printed on substrates, with varying laser power 

(125, 175, 225, 275, and 325 W) and scanning speed (600, 800, 1000, 1200, 1400, and 1600 mm/s). 

The layer thickness for single-tracks, multi-layers, and substrates was maintained at 45 μm. Table 

3-2 provides the parameters used in the single-track and multi-layer experiments. These initial 

process parameters have been chosen based on the published literature on LPBF of Ti-5553 [5,57]. 

 

Table 3-2: Process parameters of single-track and multi-layer samples 

Process parameter Value 

Power (W) 125 – 175 – 225 – 275 – 325   

Scanning speed (mm/s) 600 – 800 – 1000 – 1200 – 1400 – 1600 

Layer thickness (μm) 45 

 

The block substrates were fabricated using the same printing parameters, including a laser power 

of 225 W, a scanning speed of 1000 mm/s, a layer thickness of 45 μm, and a hatch distance of 100 

μm. The stripe scanning strategy, with a 67° random rotation was used in each layer. For the single-

track samples, the rectangular block substrate had dimensions of 25 mm × 21 mm × 5 mm. As 

shown in Fig. 3-1a, on top of each rectangular substrate, 2 different sets of parameters were 

applied, with three replicates each (e.g., green lines: P = 275 W & v = 600 mm/s and red lines: P 

= 275 W & v = 800 mm/s), where the distance between each single-track was 3 mm.  

Similar to single-track samples, a rectangular block (22.5 mm × 20 mm × 5 mm) was designed 

and served as the substrate for the multi-layers. On top of each substrate, 6 different multi-layers 

were printed, each with distinct process parameters (1 fixed laser power and 6 varying scanning 

speeds). Each multi-layer consisted of 10 tracks and 25 layers. Due to the hatch distance of 100 

μm and a layer thickness of 45 μm, the exact dimensions of each multi-layer cross-section were 

1.125 mm × 1 mm. An X-scan (stripe, without rotation) scanning strategy was used for multi-layer 
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printing. In total, 30 sets of process parameters were used for printing 90 single-tracks (with 3 

replications) on 15 substrates and 30 multi-layers on 5 substrates. The schematic and real image 

of a single-track sample and a multi-layer sample are shown in Fig. 3-1.  

 

 

Figure 3-1: The schematic and real images of (a) a single-track sample with 2 different single-tracks and 3 

replications, (b) a multi-layer sample with 6 different multi-layers, and (c) a tensile test specimen geometry. 

 

In this research work, 3 tensile test samples, each with 5 repetitions, were also printed and 

examined. These samples were printed with three selected process parameters as follows: P = 175 

W & v = 1000 mm/s, P = 325 W & v = 1000 mm/s, and P = 325 W & v = 1400 mm/s. All process 

parameters, except for the scanning strategy (which is XY-scan with a 90° rotation), remained the 

same as the multi-layer printing parameters. The dimensions of the tensile test specimens are 

depicted in Fig. 3-1c. 
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3.2.2 Characterization 

In preparing the metallographic samples, the single-track specimens were precision sectioned 

using a Buehler ISOMET 1000 saw. This procedure involved cutting them at a specific point along 

the track line, precisely one-third of the way, and perpendicular to the track scan direction. The 

sections obtained from the cuts were then mounted, ground, and polished according to standard 

procedures. Subsequently, they were etched using Keller's reagent, composed of 95 ml distilled 

water, 2.5 ml HNO3, 1.5 ml HCl, and 1 ml HF. For electron microscopy investigations, an 

additional step was incorporated into the preparation process. This involved using a non-

crystallizing amorphous colloidal silica suspension (Buehler MasterMet2) with a particle size of 

0.02µm. The specimen was polished using a Buehler VibroMet2 vibratory polisher for 

approximately 5 hours. 

3D surface morphology of single-track and multi-layer samples was measured using a Keyence 

VK-X250 confocal laser microscope. Melt pool boundaries were observed at high resolution using 

a Keyence VHX-7000 optical microscope (OM) at 6000X magnification. Scanning electron 

microscopy (SEM) and electron backscatter diffraction (EBSD) analyses were conducted with a 

TESCAN VEGA3 SEM equipped with a BRUKER e-FlashFS detector. Phase identification of 

selected multi-layer samples was performed using a Bruker D8 DISCOVER X-ray diffraction 

machine with a copper cathode. The operational voltage used was 40 kV, with a current of 44 mA. 

The scan speed was set at 0.5° per minute, and the designated scan range spanned from 20 to 120 

degrees. 

To assess the distribution of porosity, the ZEISS Xradia 520 Versa X-ray computed tomography 

(CT) system was employed. This was performed on the multi-layer blocks (1 mm × 1 mm × 5 mm) 

for each manufacturing condition. It involved scanning 801 2D projections at 140kV, with an 

exposure time of 1 second and a voxel size of 6µm. Subsequent analysis of the 3D reconstructed 

images was carried out using the commercial software Dragonfly 3.1. To study the mechanical 

behaviour of printed samples, uniaxial tensile tests were conducted using an Instron 8872 

servohydraulic frame with a load capacity of 25 kN, at a crosshead speed of 0.45 mm/min, 

following the ASTM E8 standard. To evaluate the microhardness in multi-layer cross-sections, a 

Clemex CMT automated microhardness tester (300 g force with 10 s dwell time) was employed. 
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3.3 Result and Discussion 

3.3.1 Single-track geometry 

3.3.1.1 Track profilometry 

As mentioned in section 3.2.1, 90 single-tracks with 30 sets of process parameters and 3 

replications were printed on 15 LPBF-made substrates. The laser power ranged from 125 to 225 

W, the scanning speed ranged from 600 to 1600 mm/s, and the layer thickness was set at 45 μm. 

To find a reliable process window, the track profilometry and melt pool geometry were measured 

from micrographs. Fig. 3-2 shows the geometrical features of the single tracks with different 

combinations of process parameters.  

Based on the examination of the top surface morphology, single tracks can be classified into two 

types: continuous and discontinuous. Continuous single tracks exhibit an uninterrupted, straight, 

and regular section profile with minimal width variation along the track length on top of the 

substrate. This type of track is achieved when the volumetric energy density (VED) reaches a 

critical value, resulting in more consistent melting. In contrast, insufficient VED leads to improper 

wetting and poor flow of the molten powder particles over the substrate, resulting in non-uniform 

and discontinuous tracks. Discontinuous tracks exhibit some irregularities along the track length 

and significant width variation, which can lead to the formation of lack-of-fusion defects in printed 

parts [10–12].  

According to the track morphology depicted in Fig. 3-2, the lack-of-fusion defect is expected in 

the part created with low power parameters such as P = 125 W & v = 1600 mm/s, P = 125 W & v 

= 1400 mm/s, and P = 125 W & v = 1200 mm/s, and high scanning speed parameters like P = 175 

W & v = 1600 mm/s, and P = 225 W & v = 1600 mm/s. 

To achieve a desirable continuous track, it is essential to ensure that the VED value also does not 

exceed a specific limit [58,108]. When the VED reaches very high levels, such as 120.4 J/mm3 (P 

= 325 W & v = 600 mm/s), 101.9 J/mm3 (P = 275 W & v = 600 mm/s), and 90.3 J/mm3 (P = 325 

W & v = 800 mm/s), the resulting single tracks appear relatively wider than those created with 

moderate and low VED, indicating potential overexposure (see Fig. 3-2). Consequently, 

continuous single tracks can be categorized into two types: regular (narrow) and overexposed 
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(wide) tracks. Part printing with continuous regular tracks results in a desirable conduction melting 

mode, while continuous overexposed tracks can lead to non-desirable keyhole defects [68,70,109]. 

These melting modes and defects will be discussed in later sections. 

 

 

Figure 3-2: Experimental surface profilometry measured by confocal microscope to show the geometrical features of 

the single tracks at different conditions. 

 

3.3.1.2 Melt pool dimensions 

As the track geometry is the basic building block for the additive manufacturing process, it directly 

affects the properties of the printed part and should be considered in the AM fundamental research 
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[107]. Alongside the top-surface morphology of the tracks, the dimensions of the track melt pool 

help determine the LPBF process window. As illustrated in Fig. 3-3, these dimensions are defined 

by the melt pool depth, width, and bead height. 

 

 

Figure 3-3: Optical microscopic image: cross-section of an LPBF-made single-track (P = 225W & v = 1400 mm/s). 

The bright and dark images have been captured by full coaxial and full ring illumination modes, respectively. 

 

Fig. 3-4 provides a qualitative representation of the geometry of the single tracks, while Fig. 3-5 

illustrates the measured melt pool size as a function of laser power and scanning speed. Melt pool 

width and depth were determined using micrographs of cross-sections from individual tracks. The 

trend in melt pool depth and width with different process parameters reveals that the deepest and 

widest melt pool is associated with the highest VED, characterized by the highest laser power and 

the lowest scanning speed (P = 325W & v = 600 mm/s). Conversely, the smallest melt pool is 

associated with the lowest VED, characterized by the lowest laser power and the highest scanning 

speed (P = 125W & v = 1200 mm/s). Notably, the melt pool dimensions of single tracks with a 

laser power of 125 W and scanning speeds of 1400 and 1600 mm/s could not be consistently 

measured due to their instability. 
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Figure 3-4: Microscopic images of the single-track’s cross-section made by the laser powers ranging from 125 to 

325 W and the scanning speeds ranging from 600 to 1600 mm/s. 

 

Fig. 3-5a illustrates that increasing the scanning speed results in a reduction in melt pool depth for 

all laser powers. Additionally, it highlights that the effect of scanning speed on depth is more 

pronounced at higher laser powers, while the influence of laser power on depth is more significant 

at lower scanning speeds. Similarly, in Fig. 3-5b, the melt pool width decreases with increasing 

scanning speed. Therefore, increasing the laser power at a constant scanning speed, or reducing 

the scanning speed at a constant laser power, results in an increase in melt pool size. It is worth 

mentioning that the bead height was independent of the input laser power, scanning speed, and 

VED and no noticeable trend was observed. The reason behind this phenomenon is the presence 

of opposing effects on track bead formation. For instance, when input energy is low, a smaller 

amount of metal powder may melt, leading to a shorter bead height. Conversely, reduced input 
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energy can result in balling and humping, thereby increasing bead height. Guo et al. reported the 

same result for IN738LC superalloy single-track beads [68]. 

 

 

Figure 3-5: (a) Melt pool depth and (b) melt pool width, as a function of laser power and scanning speed. (c) 

Variation of melt pool dimensions with volumetric energy density. 

 

Fig. 3-5c illustrates the variation of melt pool depth and melt pool width with VED value. It shows 

that while the VED grows from 23.2 J/mm3 (P = 125W & v = 1600 mm/s) to 120.4 J/mm3 (P = 

325W & v = 600 mm/s), the melt pool depth increases from 11 ± 3 μm to 254 ± 9 μm and the melt 

pool width increases from 85 ± 11 μm to 194 ± 7 μm. The melt pool depth and width increase to 

around 243 μm ( 22 times the lowest value) and 109 μm ( 2 times the lowest value), respectively. 

Therefore, increasing the VED leads to a significantly higher growth rate for the melt pool depth 
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compared to its width. To show the melt pool growth rate, the moving average trendline has been 

applied for both the melt pool depth and the melt pool width as shown in Fig. 3-5c. 

3.3.1.3 Effect of process conditions on melt pool size 

The higher sensitivity of melt pool depth to the energy input can be attributed to the Gaussian 

distribution of the laser heat source. Given the Gaussian distribution of the laser beam, the intensity 

of laser radiation at the center of the laser beam is notably higher compared to the intensity at the 

beam edge [59,110]. Consequently, the melting of powder particles at the edge of the laser beam 

profile is less responsive to energy input changes compared to the center. As a result, the width of 

the melt pool is less sensitive to the input energy changes than the melt pool depth. Also, the high 

intensity at the center of the laser beam may cause an increase in the temperature of the melt pool 

to the boiling temperature. This leads to the vaporization of the molten metal which can result in 

a surface depression of the melt pool, which can induce pressure along the depth direction (recoil 

pressure) to increase melt pool penetration [111–113]. This usually occurs at high VED values 

(particularly with high laser power and low scanning speed) and shows greater sensitivity of the 

melt pool depth to the process parameters at higher laser powers and lower scanning speeds (Fig. 

3-5a). 

As shown in Fig. 3-5c, almost all the melt pool widths are larger than the laser beam diameter (100 

μm). The reason for this is that during the LPBF process, each track can be created through two 

mechanisms, which can work independently or in combination. The first mechanism involves 

melting the powder directly through laser irradiation, primarily within the laser beam incident 

zone. The second mechanism involves melting nearby powder particles outside the laser beam 

incident zone through conduction, convection, and radiation, which transfer heat to adjacent 

particles. Since for moderate and high VED values, both mechanisms work together, it is expected 

that the width of the single-track melt pool would be wider than the laser beam diameter. 

The contributions of laser power and scanning speed to single-track melt pool dimensions can be 

statistically estimated by the ANOVA table. Table 3-3 and Table 3-4 stand for two ANOVA 

summaries for analyzing the melt pool width and melt pool depth, respectively. These tables show 

the obtained sum of squares (SS), degree of freedom (df), mean squares (MS), F values, P-value, 
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and Fcrit from the ANOVA study of melt pool dimensions for the 5 laser powers, 6 scanning speeds 

and 3 replications, at a 95% confidence interval.  

It is seen that the F values for both laser power and scanning speed are much larger than their 

respective F critical values, meaning that both laser power and scanning speed significantly affect 

the width and depth of the melt pool (Table 3-3 and Table 3-4). To find the contribution of each 

parameter on melt pool dimensions separately, the SS associated with the parameters should be 

divided by the Total SS. While the impacts of laser power and scanning speed on melt pool width 

are nearly equal (46.2% and 48.6%, respectively), laser power has a more considerable influence 

on melt pool depth compared to scanning speed (53.7% and 37.9%, respectively). From a different 

point of view, it can be stated that the melt pool depth shows greater sensitivity to laser power 

(~1.4 times) than it does to scanning speed. This fact agrees with what has been revealed in Fig. 

3-5c; wherein the slope of the depth moving average trendline is 2.6 times greater than the slope 

of the width moving average trendline. 

 

Table 3-3: ANOVA table for the effect of laser power and scanning speed on melt pool width 

Source of Variation SS df MS F P-value F crit 

Laser power 57615.4 4 14403.8 214.8 0.0000 2.5 

Scanning speed 56874.2 5 11374.8 169.6 0.0000 2.4 

Interaction 4496.1 20 224.8 3.3 0.0000 1.7 

Error 4023.3 60 67.1    

Total 123009 89         

 

Table 3-4: ANOVA table for the effect of laser power and scanning speed on melt pool depth 

Source of Variation SS df MS F P-value F crit 

Laser power 265273.8 4 66318.5 1438.7 0.0000 2.5 

Scanning speed 192455.1 5 38491.1 834.9 0.0000 2.4 

Interaction 48532.7 20 2426.6 52.6 0.0000 1.7 

Error 2765.8 60 46.1    

Total 509027.5 89         
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The dependence of melt pool geometry on the laser power and scanning speed can be combined 

with the Marangoni convection effect. Marangoni convection is a fluid flow phenomenon that 

occurs due to surface tension variations in a liquid when there is a gradient in temperature or 

concentration along the liquid's surface. During the LPBF process, the laser beam heats the powder 

bed locally, such that a large gradient is developed within the melted pool, whereas the surface 

tension of molten Ti-5553 changes as temperature changes [114]. The variation in surface tension 

creates a gradient that causes inward or outward fluid flow and affects the melt pool geometry 

[1,72,80,115].  

The relationship between the LPBF process parameters and Marangoni convection is primarily 

influenced by how the parameters affect the temperature gradient in a material. Higher laser power 

results in a higher temperature at the center of the melt pool and consequently higher temperature 

gradient in the melt pool  [116]. On the other hand, although a lower scanning speed increases the 

laser energy input, longer exposure times of the laser on each point of the powder bed provide 

more time for heat to diffuse away from the melt pool [71]. As a result, the temperature gradient 

between the hottest point of the melt pool and the surrounding cooler molten metal becomes 

gentler. Therefore, the impact of the laser power on the Marangoni convection is higher, compared 

to the effect of scanning speed. 

If we assume that the direction of radial Marangoni flow is inward, it can be observed that the 

enhanced Marangoni fluid flow penetrates the melting material, leading to a deeper melt pool 

[117,118]. Consequently, increasing laser power enhances the Marangoni convection and laser 

energy input which both increase the melt pool depth. Conversely, decreasing the scanning speed 

primarily increases laser energy input and has a diminishing effect on Marangoni convection. This 

fact shows the stronger dependence of melt pool depth on laser power compared to scanning speed 

which agrees with the experimental measurements and statistical analysis. 

The greater sensitivity of Marangoni flow to laser power, as opposed to scanning speed, is evident 

in the Marangoni number (Ma), which can be estimated using the following equation: 

𝑀𝑎 =
∆𝛾𝐿

𝜇𝑑𝐷𝑐
                                                                                                                                 (3-1) 
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where Δγ represents the difference in surface tension within the Marangoni flow [N m], L refers to 

the length of the free surface, which in the context of a melt pool, is referred to as melt pool length 

[m], μd represents dynamic viscosity [Pa s], and Dc is the diffusion constant [1]. Based on Eq. 3-1, 

the Marangoni number is related to the length of the melt pool, which is the distance between the 

nose and tail of the melt pool when viewed from the top. Given that the melt pool length is 

geometrically related to the melt pool depth (with a deeper melt pool resulting in a longer melt 

pool), it can be concluded that the Marangoni number is associated with melt pool depth. 

Therefore, increasing laser power has a greater impact on raising L (melt pool length) and 

subsequently raising the Marangoni number compared to changes in scanning speed. 

It should be noted that in some alloys the direction of Marangoni convection flow in the melt pool 

is outward and increasing the melt pool temperature gradient causes a wider melt pool, instead of 

deeper. In alloys where elements impart a high surface activity, the surface tension of the molten 

metal can be decreased notably, and this reduction may cause a change in the sign of the gradient 

of surface tension with temperature, leading to a reversal of the Marangoni convection flow 

direction [1,115,116]. 

The geometry of the single tracks, including track surface morphology and melt pool dimensions, 

was investigated under various process conditions. As mentioned earlier, certain processing 

parameters may result in undesired defects and pores in the fabricated structure. Therefore, to 

establish a more reliable process map, it is necessary to assess the density of printed parts under 

different process conditions. 

3.3.2 Multi-layer density 

Along with the single tracks, the 30 process parameters (P = 125 – 325 W & v = 600 – 1600 mm/s) 

were used for multi-layer printing. The cyclic process of heating, melting, cooling, and 

solidification that occurs during the deposition of a multi-layer can offer a valuable understanding 

of how a single track can influence various aspects of the 3D-printed structure quality, including 

density, surface roughness, microhardness, and the resulting microstructure [13,119–121]. The 

measured relative density of multi-layers at different process parameters can be seen in Fig. 3-6. 

To assess the presence of porosity and determine the relative density of multi-layers, a 1 mm × 1 

mm × 5 mm block was extracted from each multi-layer and used for CT scanning. Fig. 3-6a shows 
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the block and an X-ray computed tomography image that qualitatively displays uniformly 

distributed pores within the block.  

The relative density of the printed multi-layer at different laser powers and scanning speeds is 

shown in Fig. 3-6b. The relative density of low VED samples which have low laser power (P = 

125 W), and high scanning speed (v = 1600 mm/s) is considerably lower than the other parameters. 

The lack-of-fusion defects occurring in the discontinuous and unstable tracks cause a high level of 

porosity (about 10%) [64,122]. Also, when considering high VED parameters, particularly under 

conditions of low scanning speed (v = 600 mm/s), the relative density tends to be low. This 

situation is expected to result in the presence of keyhole defects within these samples [79,109]. 

Fig. 3-6b demonstrates that the highest density can be attained with moderate scanning speeds and 

relatively high laser powers (v = 1000 – 1400 mm/s and P = 225 – 325 W). In such samples, the 

presence of porosity is negligible, allowing for a density close to 100%. 

 

 

Figure 3-6: (a) 6 multi-layer tracks on a substrate and an X-ray computed tomography (CT) image showing pores 

distribution through a multi-layer. (b) Relative density of multi-layer structures at different conditions, measured by 

CT scanning. 
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3.3.3 Process map for LPBF of Ti-5553 

The multi-layer structures were also cross-sectioned for microscopic investigation. Based on the 

micrographs from multi-layer structures, the measured relative density, single-track morphology, 

and melt pool geometry, the 30 combinations of laser power and scanning speed can be categorized 

into three groups according to melting modes: lack-of-fusion, conduction, and keyhole melting 

modes. Fig. 3-7 illustrates the track morphology, melt pool geometry, and multi-layer cross-section 

images of these melting modes.  

 

 

Figure 3-7: Track surface morphology, melt pool geometry and multi-layer cross-section images for 3 melting 

modes of (a) lack-of-fusion (P = 125 W & v = 1600 mm/s), (b) conduction (P = 325 W & v = 1200 mm/s), and (c) 

keyhole (P = 325 W & v = 600 mm/s). 
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In Fig. 3-7a, the lack-of-fusion defect is visible in the image of the multi-layer sample. The lack-

of-fusion defect typically manifests as a distinct boundary between two adjacent tracks and/or 

layers of material where proper fusion did not occur, showing that either the laser energy is 

insufficient to fully melt the powder, or the scanning speed is too high, preventing proper fusion 

[63,123]. Although the lack-of-fusion defect shown in Fig. 3-7a arises from the presence of 

discontinuous tracks, it is worth noting that sometimes continuous tracks can also lead to this type 

of defect [22]. Fig. 3-8a and Fig. 3-8b schematically show how insufficient melt pool depth or melt 

pool width in the continuous tracks can induce lack-of-fusion defects.  

 

 

Figure 3-8: Schematic diagram of the melt pool sectional view illustrates how insufficient melt pool (a) depth and 

(b) width can result in a lack-of-fusion defect with unmelted powder particles shown by yellow dashed lines. (c) A 

melt pool with a depth less than layer thickness: P = 125 W & v = 800 mm/s. (d) A melt pool with a depth larger 

than layer thickness but insufficient width: P = 275 W & v = 1600 mm/s. The schematic diagram has the same scale. 

  

When the melt pool depth is less than the layer thickness, the recently charged powder layer may 

not fully melt, and this can result in a distinct boundary between two adjacent layers (Fig. 3-8a). 

In this study, referring to Fig. 3-5, all the melt pools were created using process parameters of P = 

125W & v = 800 to 1600 mm/s, and the melt pools were manufactured with parameters using P = 
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225W & v = 1600 mm/s and P = 225 W & v = 1400 mm/s have a depth less than layer thickness 

(45 μm). Consequently, the presence of a lack-of-fusion defect was expected before the printing 

of 3D multi-layer samples. As an example, Fig. 3-8c depicts a melt pool (P = 125W & v = 800 

mm/s) with a depth of 36 μm, which is less than the layer thickness.  

As shown in Fig. 3-8b, some powder particles between the boundaries of two adjacent melt pools 

and the previously solidified layer may remain unmelted (indicated by the yellow dashed lines), 

despite the melt pool depth being sufficiently large. This typically happens when the overlap depth 

is smaller than the layer thickness. Fig. 3-8d displays a melt pool created using process parameters 

of P = 275 W & v = 1600 mm/s, with a depth of 67 μm and width of 131 μm. It also schematically 

illustrates the melt pool conditions during printing, approximately to scale. This observation 

indicates that the formation of lack-of-fusion defects can be predicted before the printing of 3D 

parts.  

In this work, the hatch distance has been assumed constant; however, reducing the hatch distance 

or increasing the overlap can sometimes mitigate this defect. Estimating melt pool dimensions 

through simulation would be highly valuable for mitigating lack-of-fusion defects in the LPBF 

process [22,87]. The shape of the lack-of-fusion defect is typically irregular and jagged [1,123]. In 

some cases, a sample with a lack-of-fusion melting mode may have some regular round shape 

defects. The formation of round-shaped pores is attributed to two main reasons: firstly, the trapped 

atmospheric gases within the molten pool which have no time to escape before solidification 

occurs, and secondly, the entrapped gas within powder particles during the gas atomization process 

[124,125]. During the lack-of-fusion melting mode, it should be noted that the melt pools are often 

very shallow or sometimes unmeasurable [9,22]. For instance, in Fig. 3-7a, the melt pool 

dimensions at various sections of the discontinuous and unstable single-track vary or cannot be 

measured due to the lack of contrast between the negligible melted layer and the prior layer. 

Fig. 3-7c illustrates the keyhole defect in both the multi-layer sample and at the bottom of the 

single-track melt pool. When high VED process parameters are used, exceeding a certain limit of 

laser energy input can lead to the appearance of the keyhole defect and a shift into the keyhole 

melting mode. In this mode, the increased laser energy input significantly raises the temperature 

of the melt pool surface and nearby areas. The temperature can reach the metal boiling point, 

causing the metal to evaporate and generate recoil pressure that affects the melt pool, leading to 
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surface depression. In cases with higher energy input, increased metal vaporization can result in 

the formation of a narrow path called a keyhole channel. This newly formed channel enhances the 

laser's ability to penetrate the material, and the concurrent surface depression contributes to a 

greater depth for the molten pool. When the keyhole channel reaches a sufficient depth, small 

spherical voids can form upon solidification at the bottom of the channel, trapping traces of metal 

vapour. Marangoni convection and the movement of molten metal within the melt pool region 

prevent these trapped metal vapours (pores) from rising upward, causing them to remain in the 

solidified melt pool [71,79,109,111,112,126].  

Fig. 3-7c illustrates the formed pore at the bottom of the single-track melt pool. In Fig. 3-7b, the 

multi-layer image illustrates the absence of visible defects or pores in the conduction melting 

mode, where a moderate VED value is used. In Fig. 3-6b, the relative density of this multi-layer 

(P = 325 W & v = 1200 mm/s) is reported to be nearly 100%, and no defects were observed with 

CT scanning either. 

The conduction melting mode, which provides a fully dense part, is the desirable mode. However, 

a transition mode might occur between conduction and keyhole modes can be a suitable choice for 

LPBF manufacturing. When the process conditions are close to the conduction-keyhole threshold, 

either no pores are formed, or any small pores that do form may be eliminated by remelting during 

the next layer printing. This transient mode has negligible porosity and acceptable density, making 

it a good compromise between conduction and keyhole modes. Since higher laser energy can 

penetrate deeper, have multiple reflections in the vapour cavity of the keyhole channel, and transfer 

input energy more efficiently, the transition mode is preferred over the conduction mode 

[109,122,126,127].  

As shown in Fig. 3-7, in the conduction melting mode, the shape of the single-track melt pool is 

bowl-shaped, with the width and depth dimensions closely resembling each other, while the 

keyhole single-track melt pool is goblet-shaped, and its depth is notably larger than its width. 

Tenbrock et al. reported that the melt pool depth-to-width ratio is typically around 0.8 at the 

threshold between the conduction mode and keyhole mode [64]. Although the keyhole melt pool 

is significantly deeper than the conduction melt pool, the width of the keyhole melt pool is slightly 

larger than that of the conduction melt pool. That is why the surface morphology of the keyhole 

single-track is not significantly wider than that of the conduction single-track (Fig. 3-7). 
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Fig. 3-9 shows the microscopic images of all the multi-layers under various conditions. In this 

figure, the mentioned groups of melting mode are represented by three different colours: red stands 

for the lack-of-fusion melting mode, amber stands for the keyhole melting mode, and green stands 

for the desirable conduction melting mode with a relative density exceeding 99.95%. The lack-of-

fusion defect is prominently visible in the low VED multi-layers, with a laser power of 125 W 

(except for P = 125 W & v = 600 mm/s), and with a scanning speed of 1600 mm/s. On the other 

hand, keyhole pores are observed in several high VED multi-layers, such as those with parameters 

P = 325 W & v = 600 mm/s, P = 325 W & v = 800 mm/s, and P = 275 W & v = 600 mm/s. Multi-

layers with moderate VED values that exhibit high relative density in Fig. 3-6 do not display any 

visible defects in their microscopic images, as shown in Fig. 3-9. 

 

 

Figure 3-9: Microscopic images depict the cross-section of multi-layers under various process parameters, 

categorized into three groups based on their melting modes. 
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The map presented in Fig. 3-9 offers a reliable process map for the LPBF of Ti-5553. The proposed 

procedure can be used as a fast and cost-effective method for the optimization of the LPBF process 

for other alloys. Continuing from the current discussions, in the following sections, some of the 

most consequential process parameters will be examined to identify those most relevant to quality 

in manufacturing. An investigation into the effect of process parameters on the quality of 

manufacturing can provide the manufacturer with additional information from each set of process 

parameters for making informed decisions. 

3.4 Conclusions 

A comprehensive study on LPBF-made single-track and multi-layer samples was conducted to 

establish a process map and assess the impact of laser power and scanning speed on Ti-5553 

printing quality. In addition to measuring the density of 3D-printed multi-layers, track surface 

morphology and melt pool geometry for each set of process parameters were thoroughly examined 

to ensure the reliability of the process map. The following conclusions can be drawn from the 

current experimental analysis: 

 

1) Increasing the VED from 23.1 J/mm3 to 120.4 J/mm3 results in a notably greater growth 

rate for the melt pool depth, approximately 2.6 times higher than that of its width. This is 

because the Gaussian distribution of the laser heat source makes the melting of powder 

particles at the beam's center more responsive to energy variations compared to the edges. 

 

2) The melt pool depth is more responsive to laser energy input at lower scanning speeds and 

higher laser power. At elevated VEDs, the vaporization of molten metal results in a surface 

depression on top of the melt pool area. This depression subsequently creates a driving 

force in the direction of melt pool depth, ultimately leading to a deeper melt pool. 

 

3) Based on the statistical analysis, while the impacts of laser power and scanning speed on 

melt pool width are nearly equal (46.2% and 48.6%, respectively), the melt pool depth 

demonstrates greater sensitivity to laser power than it does to scanning speed (53.7% and 

37.9%, respectively). 
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4) Insufficient melt pool depth, where the melt pool depth is less than the layer thickness, and 

insufficient melt pool width, where the overlap depth of two adjacent tracks is smaller than 

the layer thickness, may cause a lack-of- fusion defects in a printed part. 

 

5) In layer-by-layer manufacturing, horizontal and nearly horizontal grains provide additional 

randomly oriented nucleation sites for grains, disrupting columnar growth. When deeper 

melt pools are used, a greater extent of remelting occurs, leading to the removal of a higher 

percentage of horizontal and nearly horizontal grains. As a result, in printed parts with deep 

melt pools (higher VED), the thick columnar grains in the texture tend to become more 

elongated. 

 

6) Choosing process conditions near the conduction-keyhole threshold can be effective since 

pores may not form or, if they do, they are small and can be eliminated during subsequent 

layers. This transition mode, with its ability to allow deeper laser penetration, multiple 

reflections in the keyhole channel, and efficient energy transfer, is sometimes preferred 

over the conduction mode. 
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Chapter 4 

4 An Investigation into the Effect of Process Parameters on the 

Quality of LPBF-made Part 

4.1 Introduction 

Continuing from the discussions in Chapter 3 regarding LPBF process optimization, in this 

chapter, some of the most consequential process parameters will be examined to identify those 

most relevant to quality in manufacturing. An investigation into the effect of process parameters 

on the printed part properties, such as mechanical behaviour and surface roughness, can provide 

the manufacturer with additional information from each set of process parameters for making more 

precise choices. For instance, a comparison between the mechanical behaviour of two optimized 

parameters shows a decrease in strength of only ~3.5%, resulting in a significant increase of ~65% 

in ductility. Furthermore, the achievements of this research can help a manufacturer to tailor the 

process for different applications. For instance, the melt pool size and the stronger effect of laser 

power on melt pool depth can be employed to increase layer thickness, resulting in faster 

production. Additionally, these results can be used to mitigate the occurrence of the lack-of- fusion 

defects and for melt pool engineering. 

It should be noted that using the multi-layers (with a cross-sectional area of 1×1 mm) instead of 

3D cubes helps create a more confident connection between single-track and multiple tracks in a 

3D part. This is particularly important because phenomena like heat accumulation during 3D part 

printing can lead to unexpected changes in this context. Additionally, the small size of the multi-

layer approach has rendered this method relatively quicker and more cost-effective. 

In the following sections, the impact of laser power and scanning speed on the microstructure of 

the melt pool and the corresponding multi-layer will be examined. Additionally, the surface 

roughness, stress-strain behaviour, and microhardness of LPBF-made samples under various 

conditions will be discussed. 
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4.2 Result and discussion 

4.2.1 Microstructure formation 

To conduct the microstructure investigation, two sets of process parameters were chosen: one from 

the conduction mode (P = 275 W & v = 1000 mm/s) and the other from the keyhole mode (P = 

325W & v = 800 mm/s). Fig. 4-1 presents the results of the microscopic analysis for single-track 

and multi-layer samples under the mentioned specified conditions. Since the presence of pores can 

change the thermal conditions and disrupt the solidification process, both multi-layer samples were 

selected from those with relatively high density [128]. 

Fig. 4-1a illustrates the EBSD inverse pole figure (IPF) map of a deep single-track melt pool, with 

process parameters of P = 325 W & v = 800 mm/s. As discussed in the preceding sections, the 

boundaries of the melt pool were found from SEM images of etched samples. Fig. 4-1a also shows 

the microscopic image of the etched melt pool to demonstrate the process of finding the melt pool 

boundary. The width and depth of the melt pool are 184 μm and 238 μm, respectively, resulting in 

a depth-over-width ratio of 1.3. Since Tenbrock et al. [64] defined a melt pool with an aspect ratio 

above 0.8 as likely to be in the keyhole mode of melting, the 1.3 ratio places it within the category 

of keyhole melt pools. A bowl-shaped melt pool created using parameters of P = 275 W & v = 

1000 mm/s can be seen in Fig. 4-1c. Although the depth-over-width ratio of this melt pool (0.78) 

is close to the mentioned threshold, Fig. 9 illustrates that this set of process parameters indicates a 

conduction melting mode for the melt pool. 

It has been reported often in the literature that the directions of thermal gradient and heat flux at 

the fusion line (solidification front) are normal to the fusion line. Consequently, the direction of 

grain growth (solidification) is normal to the fusion line [9,12,71,129,130]. Since at the beginning 

of solidification, the fusion line aligns with the melt pool boundary, it can be said that grain growth 

initiates perpendicular to the melt pool boundary. This fact can be seen clearly in both melt pools 

in Fig. 4-1a and Fig. 4-1c. The grains tend to grow from the melt pool boundary toward the center 

of the melt pool, which is typical of solidified structures based on the heat flow direction [130,131]. 

In the middle part of a deep goblet-shaped melt pool, the melt pool boundary is almost vertical. As 

the grain growth direction is perpendicular to the melt pool boundary, all the grains in this region 
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are horizontal. In the keyhole melt pool of Fig. 4-1a, these horizontal grains have been marked. 

Conversely, at the bottom of the melt pool, where the melt pool boundary is almost horizontal, the 

grains grow toward the top of the melt pool, vertically due to heat flow resulting from accelerated 

final cooling at the surface. These thin vertical grains (marked in Fig. 4-1a and Fig. 4-1c) are 

present on the centreline of the melt pools, regardless of their shape. As the multi-layer samples 

were manufactured by the stripe scanning strategy without rotation (X-scan) and the tracks were 

deposited layer by layer on top of each other, the vertical grains can grow epitaxially through the 

layers and form very thin columnar grains parallel to the build direction. A very thin columnar 

grain has been marked with a yellow rectangle, in the multi-layer IPF map of Fig. 4-1d.  

In LPBF of Ti-alloys, the high G/R ratio suggests a preference for columnar growth, which is 

reported in the literature as the dominant mode of microstructure evolution [128,130,132]. The 

columnar grain structure can be seen clearly in Fig. 4-1b and Fig. 4-1d. The schematic outlines of 

the melt pools are shown at their actual size and have been inserted in the multi-layer IPF map in 

Fig. 4-1b. The centerline of the melt pools which aligns with the very thin grain, has been 

represented using a white dashed line. The distance between the melt pools can be determined by 

measuring the distance between the very thin grains (centerlines), which is equal to the hatch 

distance. As mentioned in the sample fabrication section, each multi-layer consists of 10 tracks, 

with a hatch distance of 100 μm. These tracks are marked in Fig. 4-1b. 

As shown in Fig. 4-1b and Fig. 4-1d, the multi-layer sample with the deeper melt pool (higher 

VED) has a coarser grain structure. The average grain size for the higher VED multi-layer (90.2 

J/mm3) with process parameters of P = 325 W & v = 800 mm/s is 61.3 μm, while this value for the 

multi-layer with lower VED (65.1 J/mm3) and process parameters of P = 275 W & v = 1000 mm/s 

is 46.8 μm. It should be mentioned that the fine grains and attached droplets on the left and right 

sides of the multi-layers were excluded from the grain size analysis. 

In addition to the very thin columnar grain, a thick columnar grain has been marked in Fig. 4-1d. 

By comparing Fig. 4-1b and Fig. 4-1d, it can be said that a greater area of the higher VED multi-

layer is occupied by thick columnar grains when compared to the lower VED multi-layer. The 

reason for the presence of longer thick columnar grains in the higher VED sample is the deeper 

remelting during the melting process of the subsequent layer. During layer-by-layer 

manufacturing, horizontal grains and grains that are nearly horizontal and inclined upward can 
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provide additional randomly oriented nucleation sites for grains, disrupting columnar growth. 

Some of these grains are eliminated during the remelting process, while others persist depending 

on their position and growth direction [9,26]. Deeper melt pools, such as the one shown in Fig. 4-

1a, lead to greater remelting, removing a higher percentage of horizontal and nearly horizontal 

grains. Therefore, the thick columnar grains in the texture of a printed part with a deep melt pool 

(higher VED) tend to be more elongated. It is worth noting that the lower quarter of all the multi-

layers has similar finer grains, which result from the influence of the substrate's grain structure and 

can be ignored in the grain structure analysis of the multi-layers. 

 

 

Figure 4-1: EBSD IPF-Z map of single-track and multi-layer samples with process parameters of (a)(b)  P = 325 W 

& v = 800 mm/s and (c)(d)  P = 275 W & v = 1000 mm/s, respectively. 
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It is observed in Fig. 4-1a and Fig. 4-1c that the grains in the melt pool grew epitaxially from the 

substrate grains that are located near the melt pool boundary. In addition to the columnar grains 

growing from the parent grains at the melt pool boundary, some grains near the center of the melt 

pool appear detached from the melt pool boundary. These small grains are also columnar and grow 

toward the center of the melt pool [100,101]. As mentioned above, the G/R ratio in LPBF of Ti-

alloy is exceedingly high, consequently, the formation of equiaxed grains is not expected in these 

melt pools [128,132]. Microstructure evaluation in the track bead is more complicated. The lower 

half of the track bead microstructure is influenced by the grains from the upper region within the 

melt pool, and the microstructure of the upper half of the bead is affected by spatter, droplets, and 

airflow. The fine grains formed inside the track bead are typically a result of an increased number 

of nucleation sites created by these spatters and droplets [59]. 

Regarding the phase metallurgy of Ti-5553, it should be noted that this β-metastable alloy consists 

primarily of the β phase with some α phase. In this alloy, β-stabilizing elements such as V, Mo, 

Cr, and Fe strongly inhibit the formation of the α phase from the primary β phase, particularly 

when the cooling rate is extremely high, and diffusion time is limited [4,52,133]. In β-Ti alloys, 

the α phase can develop through two distinct processes: one occurs during gradual cooling from a 

temperature higher than β-transus temperature (860±10 °C), while the other takes place during 

isothermal heat treatment (aging) below the β-transus temperature [5,133]. Based on this fact, due 

to the typically super-fast cooling in the LPBF process, in as-printed Ti-5553 material, either there 

is no α phase, or it exists in exceptionally low amounts. In the current study, the XRD patterns of 

the two different samples are presented in Fig. 4-3a, confirming the presence of both β and α 

phases, with different amounts of α phase. This result and its effect on mechanical properties will 

be discussed in the “Mechanical behaviour” section. 

4.2.2 Mechanical behaviour 

4.2.2.1 Tensile strength 

Three sets of process parameters were selected from the conduction melting mode region. Sample 

#1 with process parameters of P = 325 W & v = 1000 mm/s has a relatively high VED value of 72 

J/mm3, while samples #2 and #3 both have similar moderate VED values of ~50 J/mm3. Sample 

#2 was processed with parameters P = 325 W & v = 1400 mm/s, which has a scanning speed 
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approximately 40% higher than that of sample #1. On the other hand, sample #3 was processed 

with parameters P = 225 W & v = 1000 mm/s, having a laser power nearly 40% lower than that of 

sample #1 (Fig. 4-2a). 

 

 

Figure 4-2: (a) Melting mode map and the corresponding process parameters for the selected samples on the map. 

(b) Engineering stress-strain curves of 3 selected samples from conduction melting mode. Sample #1 has a relatively 

high VED (P = 325 W & v = 1000 mm/s), while samples #2 (P = 325 W & v = 1400 mm/s) and #3 (P = 225 W & v 

= 1000 mm/s) both have similar moderate VED values. 

 

Fig. 4-2b shows the engineering stress-strain curves of the 3 selected samples. It reveals the 

strength of all 3 samples is nearly the same, although the strength of sample #1 (815 ± 3 MPa) is 

greater than that of sample #2 (801 ± 7 MPa), which are both slightly stronger than sample #3 (784 

± 5 MPa). Regarding the ductility, the elongations of samples #3 and #2 are comparable, and 

significantly greater than that of sample #1. The elongations of samples #3, #2, and #1 are 18 ± 

1%, 26 ± 2%, and 30 ± 1%, respectively, showing an inverse trend compared to their strength 

values. It is worth mentioning that the strength and the range of elongation in Ti-5553 alloys 

produced using conventional methods have been reported to be approximately 1200 MPa and 5-

15%, respectively [36,57,62]. However, for the as-printed Ti-5553, the reported strength and 

elongation in the literature are about 780 MPa and 30%, respectively [5,17]. 
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To discuss the mechanical behaviour, it is necessary to investigate the phase metallurgy, hence 

samples #1 and #3 which have more significant differences were chosen for the XRD test. Fig. 4-

3a shows the XRD patterns of samples #1 and #3 which confirm the presence of mainly β and 

some α phase in both samples. It can be concluded that sample #1 contains a higher proportion of 

the α phase, as evidenced by the slightly higher α peaks observed in its pattern compared to sample 

#3. The calculated volumetric portion of α phase in sample #3 is 6.8%, while sample #1 has about 

16% α phase. It should be noted the amount of α phase in as-received powder is very low and 

almost negligible. Fig. 4-3b presents the EBSD grain analysis for these three samples, revealing 

average grain sizes of 118.4 μm, 96.1 μm, and 67.9 μm for samples #1, #2, and #3, respectively. 

Samples #2 and #3 have almost the same melt pool geometry but exhibit different grain sizes. This 

observation is not contradictory to the information provided in the “Microstructure formation” 

section, as the x-scan scanning strategy was used for the multi-layer fabrication, while the tensile 

specimens were created with the XY-scan scanning strategy.  

Based on the higher fraction of α phase shown for sample #1 in Fig. 4-3a, it can be concluded that 

the primary mechanism responsible for enhancing strength is precipitation strengthening. This is 

consistent with the higher strength reported as the proportion of the α phase increases in these beta-

stabilized titanium alloys [5,133]. The process of heat treatment precipitation of the α phase has 

been shown to lead to a considerable increase in strength in this material, along with a 

corresponding decrease in ductility observed here between samples #1 to #3 [134].  

The heat accumulation from the cyclic heating and cooling during part printing may facilitate 

elemental diffusion and in-situ ageing heat treatment which promotes the diffusion of α-stabilizing 

elements like Al to form the α phase [5,133]. This phenomenon is expected to occur more in the 

higher energy process parameters because they can produce higher temperatures and can maintain 

these elevated temperatures over a wider range of time and depth within the part. Therefore, the α 

phase can be formed in the as-printed tested samples, although in the high VED sample #1, which 

has a deeper and hotter melt pool promoting a higher amount of α phase. 

The small-sized and dispersed α phase particles produce a high number of α/β interfaces that act 

as dislocation barriers. When dislocation movement is hindered, it becomes more difficult for the 

material to deform plastically, leading to an increase in strength and usually a reduction in ductility 

and elongation [5,53,133,134]. Therefore, higher strength and lower ductility are expected for 
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sample#1 which has slightly more α phase. It should be noted the trade-off of achieving higher 

strength is a decrease in ductility [53]. This reverse relationship between tensile strength and total 

elongation of β Ti-alloys such as Ti-5553 has been also reported by Zhu et al. [135]. 

An additional notable finding evident in the stress-strain diagrams depicted in Fig. 4-2b is the 

absence of strain hardening. The minimal strain hardening typically observed in materials with a 

BCC crystal structure is anticipated to result from a low dislocation density [136]. 

 

 

Figure 4-3: (a) XRD patterns of sample #1 (P = 325 W & v = 1000 mm/s) and sample #3 (P = 225 W & v = 1000 

mm/s). It confirms a higher presence of α phases in sample #1 compared to sample #3. (b) EBSD grain analysis of 

sample #1, sample #2 (P = 325 W & v = 1400 mm/s), and sample #3. 
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Panza-Gios et al. [50], have investigated the effects of grain size on the strength of Ti-5553, 

described by the Hall-Petch relation. The Hall-Petch equation shows a linear relationship between 

the grain size and the yield strength, as follows: 

𝜎𝑌 = 𝜎1 + 𝐾 𝐷−
1

2                                                                                                                   (4-1) 

where σY is yield strength [MPa], σ1 is friction stress (a material constant related to the resistance 

of the crystal lattice to dislocation movements) [MPa], K is strengthening coefficient [MPa mm-

0.5], and D is the average grain size [mm]. The reported values of σ1 and k for Ti-5553 are 736 

MPa and 17.9 MPa mm-0.5, respectively [50]. Based on Eq. 4-1, a small value of the strengthening 

coefficient compared to the large value of σ1 indicates a weak dependence of the strength on grain 

size, especially when the differences in grain sizes are not significant.  

When comparing sample #1 to samples #2 and #3, a decrease in strength of only approximately 

1.5% and 3.5%, respectively, results in a significant increase in their ductility, with approximately 

45% and 65% improvements observed, respectively. In this research, along with the effect of grain 

size, the size, morphology, volume fraction, and distribution of the formed α phase may be such 

that their effect on elongation is more significant than their effect on strength. While further 

comprehensive investigations are needed to fully understand the details of α phase formation, the 

current results provide valuable insights into the mechanical behaviour of parts produced with the 

desired process parameters. This information aids manufacturers in making more educated 

decisions about fabrication.  

4.2.2.2 Microhardness 

Another test that can demonstrate the mechanical behaviour of printed parts under various process 

parameters is the hardness test. Fig. 4-4 shows the result of the microhardness measurement under 

various conditions for the multi-layers. The optical microscopy image in Fig. 4-4a displays a 

microhardness indentation map of a multi-layer structure. Out of a total of 80 indents, 72 are 

situated within the multi-layer, while the remaining 8 are within the substrate. In Fig. 4-5b, the 

average Vickers microhardness, based on 72 analyzed indents for each set of conditions, has been 

plotted. 
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The highest and lowest hardness are, respectively, observed in the specimens printed with probably 

the highest and lowest VED values, although the range of hardness is not very wide. The samples 

created with process parameters of P = 325 W & v = 800 mm/s and P = 125 W & v = 1600 mm/s 

exhibit the highest hardness of 318 HV and the lowest hardness of 300 HV, respectively, whereas 

the average measured hardness of the substrate is 311 HV. The same to the above-mentioned 

discussion about the tensile strength, the hardness can be attributed to the formation of α phase 

[5,133]. The printed samples with higher energy input contain more α precipitates, leading to 

higher hardness due to precipitation hardening. 

 

 

Figure 4-4: (a) OM image of the microhardness indentation map on a multi-layer. (b)Vickers microhardness of the 

multi-layers at different conditions, utilizing an average of 72 indents for each set of conditions. 

 

To improve measurement accuracy, indents placed on visible lack-of-fusion and keyhole defects, 

or those located within 50 μm of the defects, have been excluded from the average hardness 

calculation. It is important to note that despite their exclusion, the non-negligible detrimental effect 

of these defects on the hardness of their surrounding areas persists. This fact may explain why 

samples manufactured with process parameters of P = 325 W & v = 600 mm/s and P = 275 W & 

v = 600 mm/s exhibit lower hardness than expected. 
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The microstructure formation and its effect on the mechanical behaviour of LPBF-made Ti-5553 

were discussed. One of the other crucial aspects of manufacturing quality is surface roughness, as 

it is critical in controlling some mechanical properties such as fatigue [25]. Hence, in the following 

section, the surface roughness of multi-layer samples will be examined. 

4.2.3 Surface roughness 

The diagram in Fig. 4-5a depicts the surface roughness of multi-layered samples produced with 

various laser powers and scanning speeds. In this diagram, Ra is referred to the arithmetic average 

of the profile heights (absolute value), along the evaluation length [121]. The surface roughness 

was evaluated over 30 lines, from the top surface of the multi-layers. As shown in Fig. 4-5a, the 

highest roughness occurs in samples where there is a lack-of-fusion melting mode, while the 

surface roughness of multi-layered specimens with conduction and keyhole melting modes is 

considerably lower.  

Fig. 4-5a shows that surface roughness has a stronger dependence on scanning speed changes 

compared to the laser power values examined. At a constant laser power, this figure illustrates an 

average surface roughness difference of 12.1 μm between samples with the lowest and highest 

scanning speeds. Conversely, at a fixed scanning speed, the average surface roughness difference 

between samples with the lowest and highest laser power is 7.6 μm. As shown in Fig. 4-5a, the 

lowest surface roughness values can be seen at lower scanning speeds such as 600, 800, and 1000 

mm/s, while the highest roughness is associated with samples produced using higher scanning 

speeds.  

Fig. 4-5b shows micrographs of the cross-section of the multi-layered samples produced with the 

highest scanning speed of 1600 mm/s and laser powers ranging from 125 W to 325 W. These 

images reveal the multi-layers with high scanning speed have a rough surface, even when the laser 

power is high enough (325 W) to provide high density. According to Fig. 4-5b, it is noteworthy 

that the sample with a laser power of 325 W and a high scanning speed of 1400 mm/s has a 

relatively high surface roughness (16.8 μm), while, referring to Fig. 6b, its density is almost 100%. 

Considering this point, if the goal is to obtain a fully dense LPBF-made part with favourable 

surface roughness, P = 325 W & v = 1400 mm/s may not be the optimal choice, despite providing 

a high-density structure. 
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The discontinuous or unstable tracks with high width variation along their length are the main 

reasons that a higher scanning speed is associated with higher surface roughness. By increasing 

the scanning speed, the LPBF tracks start to fluctuate and tend to break up. This instability can 

cause the molten pool surface to become uneven, leading to irregularities in the solidified layers. 

There are some potential factors contributing to the track instability during the melt flow process, 

such as the Plateau-Rayleigh instability [68,137]. The Plateau-Rayleigh instability specifically 

deals with the fragmentation and breakup of thin molten metal into smaller droplets because of 

surface tension. This instability occurs when the ratio of molten metal thickness to its length is 

larger than a specific value and the solidification is fast enough [116,138]. As increasing the 

scanning speed provides a narrower melt pool and faster solidification, the mentioned unstable 

tracks appear at higher scanning speeds and build rougher surfaces. 

 

 

Figure 4-5: (a) Surface roughness of multi-layers under various conditions. (b) Microscopic images from the cross-

sectioned multi-layers with a scanning speed of 1600 mm/s. (c) Surface morphology: a top view of a multi-layer.  
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The other point that can be found in the investigation of multi-layer surfaces is a phenomenon 

known as “denudation”. Denudation refers to the interaction between the laser and powder in 

which powder is removed from around a track during the laser scanning [139]. The denudation 

under normal atmospheric pressure occurs due to the rapid evaporation of metal vapour from the 

melted pool. This evaporation leads to an inward movement of the surrounding gas toward the 

molten track, driven by the Bernoulli effect. This inward gas movement is powerful enough to 

capture powder particles, which might be integrated into the melted pool or expelled alongside the 

metal vapour [110,140]. Denudation can drastically affect the final surface morphology, especially 

for thin parts like multi-layers [104].  

Fig. 4-5c illustrates the top view of a multi-layer and its surface morphology. It shows the height 

of the surface has been decreased from left to right. The first scan built a higher surface compared 

to the last scan, which is attributed to denudation. The first track had enough powder particles 

around itself to build a complete structure, while due to denudation, subsequent tracks had 

progressively fewer metal powder particles in their vicinity. Hence, a gentle slope is observable 

on the upper surface of the multi-layer samples (Fig. 4-5c). It should be mentioned that in the 

manufacturing of the multi-layer samples, the contour was applied. As a result, the first and last 

tracks underwent an additional scan, which is why they exhibited a slight duplicated bump. 

To express the extent of denudation, the denudation width phrase is used. Amiri et al. [141] 

conducted an experimental and analytical investigation into the impact of laser power and scanning 

speed on denudation width. They reported that, for a given laser power, the denudation width 

expands with a reduction in scanning speed, while this value reaches a plateau by increasing in 

laser power, at a fixed scanning speed [141]. In Fig. 9, a clear trend can be observed for changes 

in scanning speed: as the scanning speed increases, the slope of the upper surface decreases. 

However, when it comes to changes in laser power, no specific patterns can be discerned from the 

multi-layer cross-section images. 

In the current research, the LPBF-made single-tracks, along with printed multi-layers were studied 

systematically to find the optimal process parameters and explore the effect of these parameters 

on the properties of the printed Ti-5553. Based on the mentioned result and discussion, a 

manufacturer can select suitable process parameters from the available full-dense options 

according to the application and required properties of an LPBF-made part. For example, the 
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sample printed with parameters of P = 325 W & v = 1000 mm/s exhibits high strength, high 

hardness, and suitable surface roughness but has low ductility. On the other hand, the printed 

sample using P = 325 W & v = 1400 mm/s has significantly higher ductility but slightly lower 

strength and hardness. Adding to this, the sample printed at P = 325 W & v = 1400 mm/s has high 

surface roughness, whereas the printed sample with P = 225 W & v = 1000 mm/s, while 

maintaining consistent mechanical properties, provides much lower surface roughness. It should 

be noted that significant differences in properties, such as elongation and surface roughness, 

between two samples with the same VED values indicate that VED alone is insufficient as a design 

parameter [142]. 

4.3 Conclusions 

After an in-depth single-track to multi-layer study to identify a reliable process map, the effects of 

the significant process parameters on the properties of the printed parts were investigated. Since 

each set of process parameters within the desirable process window has its unique properties and 

qualities, supplementary examinations, including microstructure evaluation and mechanical 

behaviour testing, were also conducted on them. This comprehensive study provides 

manufacturers with precise and diverse options tailored to their specific applications and product 

requirements. The following conclusions can be drawn from the current experimental analysis: 

 

1) In layer-by-layer manufacturing, horizontal and nearly horizontal grains provide additional 

randomly oriented nucleation sites for grains, disrupting columnar growth. When deeper 

melt pools are used, a greater extent of remelting occurs, leading to the removal of a higher 

percentage of horizontal and nearly horizontal grains. As a result, in printed parts with deep 

melt pools (higher VED), the thick columnar grains tend to become further elongated. 

 

2) In the high VED sample, characterized by deeper and hotter melt pools, the α phase content 

is higher, resulting in increased strength and hardness, and decreased ductility. 

 

3) The trade-off for achieving higher ductility involves a slight decrease in strength. When 

comparing the high VED (72 J/mm3) sample to the moderate VED (~50 J/mm3) samples, 



61 

 

there is a significant increase in ductility by 45% (or 65%), correlated with a slight decrease 

in strength of only approximately 1.5% (or 3.5%). 

 

4) The surface roughness has a stronger dependence on scanning speed changes compared to 

the laser power changes. The multi-layers created at high scanning speeds exhibit rough 

surfaces, even when the laser power is set to a sufficient level (325 W) to ensure high 

density.  

 

5) The notable variations in properties observed between two samples with the same VED 

indicate that VED alone is not sufficient as a design parameter and the main process 

parameters, such as laser power and scanning speed, should be considered separately. 
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Chapter 5 

5 Numerical Modelling for LPBF Process with a Novel Hybrid Heat 

Source Model 

5.1 Introduction 

Additive manufacturing (AM) is an advanced fabricating method utilized to build near-net-shape 

parts by depositing material based on a digital model [2,7]. Among AM methods, Laser Powder 

Bed Fusion (LPBF) is considered a feasible and high-resolution fabrication method for producing 

metallic parts with tailored properties. However, this novel manufacturing method involves many 

independent parameters, which pose a challenge to achieving desired properties without a proper 

physical understanding of the process [1,8,59,143]. The LPBF process parameters, particularly the 

laser power and speed, affect the melting and solidification condition of the molten metal powders 

and control the microstructures, and consequently mechanical behaviours [13,14]. Hence, 

achieving the desired properties may necessitate correlating the process parameters with melting 

and solidification conditions [102,103,144,145].  

To study the correlation between process conditions and melt pool solidification a deep 

understanding of thermal outputs including temperature gradient and cooling rate is required; 

however, it is extremely challenging to experimentally measure thermal variables at rapid 

solidification conditions and small length scales with the current hardware and software 

[21,82,120]. Finite Element (FE) methods are one of the fastest and most efficient numerical 

methods to perform thermal analysis for LPBF-made 3D parts. Over the last decade, the FE method 

has been extensively used for LPBF modelling by many researchers due to the capability of FE to 

model different laser heat source profiles [74–77]. Promoppatum et al. [20] developed an FE model 

with a Gaussian 2D heat source model to investigate the temperature distribution in the LPBF 

single-track scanning. They also compared their FE modelling result with an analytical model and 

found a more accurate melt pool simulation with their FE model. Zhidong et al. [87] proposed a 

comprehensive literature review of eight useful 3D heat source models and used them for melt 

pool geometry simulation. They compared the numerical results with experimental results and 

suggested a heat source including absorptivity function expression, as the best one for their work. 
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Shahabad et al. [23] implemented a heat transfer simulation with a 3D conical Gaussian heat source 

model and proposed two empirical equations based on the relationship between the key process 

parameters and the heat source model parameters. They predicted the melt pool geometry within 

a very low error range of 6–13%. This kind of reliable melt pool geometry prediction allows 

manufacturers to suppress defects by refining the LPBF process parameters before experimental 

trials. Mukherjee et al. [22] used a numerical simulation to investigate the potential improper 

fusion among tracks and layers during the LPBF process and predict the lack-of- fusion defect in 

the LPBF-made parts by simulated melt pool dimensions. In addition to the geometry, thermal 

variables of the melt pool can be extracted from the numerical modelling. Liu et al. [86] presented 

the temperature gradient, cooling rate, and solidification rate of the modelled melt pool area. By 

comparing the simulated thermal variables and the experimental grain morphology, they plotted 

the valuable Columnar to Equiaxed Transition (CET) criterion. Zhang et al. [90] and Promoppatum 

et al. [19] investigated the primary dendritic arm spacing (PDAS) as well as the grain morphology 

of the melt pool. 

To simulate the laser interaction with metallic powders, the current study proposes a new hybrid 

heat source model for LPBF single-track scanning that includes three weighted conical Gaussian 

heat source models. Also, an absorptivity coefficient function, an absorptivity profile function, and 

an anisotropically enhanced thermal conductivity have been considered in this hybrid heat source. 

The model is developed to describe the thermal condition of molten metal during melting and 

solidification, for the process parameters which provide conduction melting mode. The original 

aspects of the developed model are as follows: 1) a triple-cone heat source profile is designed using 

physics-based observations to generate accurate melt pool geometry and temperature distribution; 

2)  the thermal variables such as G and R, are calculated for different locations and various time 

steps of melt pool solidification to predict many important aspects of the microstructure such as 

grain morphology, subgrain size, and grain growth direction. 

5.2 Material and experiment 

In this research, a numerical-experimental approach has been used to validate and calibrate the 

single-track scanning model with a new hybrid heat source model. To this end, several Ti-5553 

single-tracks at different process parameter combinations (which lead to conduction melting mode) 
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were made and evaluated based on the existing literature and used to compare measured 

experimental and numerical melt pool dimensions [57]. For LPBF of Ti-5553, the laser power and 

scanning speed range used in this work were 125 - 225 W and 600 - 1600 mm/s, respectively. 

5.2.1 Powder material 

Samples were printed using Plasma Atomized Ti-5553 powder particles produced by AP&C. The 

microscopic observation (Fig. 5-1) shows that Ti-5553 powder particles are almost spherical in 

shape, with attached satellite particles.  

 

 

Figure 5-1: Microscopic image of the virgin Ti-5553 powder. 

 

The summary of the image analysis from virgin powder is reported in Table 5-1. The analysis has 

been done by Bakhshivash et al. [146]. This Ti-alloy has martensite-suppressing elements such as 

V, Mo, Cr, and Fe, with chemical compositions (wt.%) reported in Table 5-2. 

 

Table 5-1: The summary of the image analysis results [146] 

 Count (#) Minimum Maximum Average Standard deviation 

Size distribution 2237 0.48 μm 52.85 μm 12.36 μm 12.48 μm 

Sphericity 2237 0.62 1.00 0.96 0.05 
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Due to the high strength and hardenability offered by beta metastable Ti-5553 alloy, it is currently 

used as the truck beam component material for the Boeing 7E7 and Airbus A-380 landing gear. It 

is recently employed in load-bearing fuselage components, high-lift devices in wide-body aircraft 

and even nacelles, wings, and landing gear [9,15,16,36,48].  

 

Table 5-2: Chemical composition of the as-received Ti-5553 powder 

Al V Mo Cr Fe O N C Ti 

5.14 4.98 4.97 2.91 0.37 0.09 0.01 0.01 Balance 

 

5.2.2 Processing and characterization 

The EOS M290 machine equipped with a 400W Ytterbium continuous fibre laser with a 

wavelength of 1060 nm was employed to fabricate the single-track specimens. The laser spot 

diameter is 100 μm, and the process was carried out under a high-purity argon gas atmosphere. 

To perform a detailed metallurgical study, a rectangular block with the same material (Ti-5553) 

was designed as a single-track substrate. The block substrates were fabricated with the same 

process parameters and dimensions of 25×18×5 mm. The process parameters are reported in Table 

5-3. 

Table 5-3: Process parameters of single tracks’ substrate 

Power (W) Velocity (mm/s) Hatch distance (μm) Layer Thickness (μm) Scan Strategy 

225 1000 100 45 Stripes 

 

Laser power and scanning speed of single tracks were varied as follows: laser power 125, 175, and 

225 W and scanning speed 600, 800, 1000, 1200, 1400 and 1600 mm/s. The layer thickness of the 

single tracks is kept constant at 45 μm. It should be noted that a calibration step was performed 

after substrate printing and before the single-track scanning to eliminate the effect of powder 

packing (during substrate printing) and maintain a layer thickness of 45 um. Table 5-4 indicates 

the parameters used in single-track experiments. On top of each rectangular substrate, 2 different 
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parameters (1 fixed laser power and 2 varying scanning speed) with 3 replications were applied 

(2×3 single laser scan). The distance between each single-track was 2.5 mm. 

To prepare the metallographic samples, the single-track specimens were cut and cross-sectioned 

using a Buehler ISOMET 1000 machine, at the one-third distance of the track line and 

perpendicular to the track scanning direction. The cut sections of samples were mounted, ground 

and polished according to standard procedures and etched by using Keller's reagent (95 ml distilled 

water, 2.5 ml HNO3, 1.5 ml HCl, 1 ml HF). For electron microscopy, an additional step was added 

to the preparation procedure, in which a non-crystallizing 0.02µm colloidal silica suspension 

(Buehler MasterMet2) was used to polish the specimen for about 5 hours with a Buehler 

VibroMet2 vibratory polisher.  

 

Table 5-4: Process parameters of Single-track samples 

Process parameter Value 

Power (W) 125 – 175 – 225 

Scanning speed (mm/s) 600 – 800 – 1000 – 1200 – 1400 – 1600 

Layer thickness (μm) 45 

 

In order to measure the depth and width of the melt pools, a Keyence VHX-7000, high-resolution 

digital microscope was used at 6000X magnification. By using both the Full coaxial mode 

(Observation in the bright field) and Full ring mode (Observation in the dark field) of the 

microscope, melt pool boundaries could be resolved more readily. Scanning electron microscopy 

(SEM) and Electron backscatter diffraction (EBSD) analysis were performed by TESCAN 

VEGA3 SEM, equipped with a BRUKER e-FlashFS detector to investigate the melt pool 

microstructure of the fabricated single-track samples.  

5.3 Numerical modelling of LPBF 

5.3.1 Physical description 

A three-dimensional model for LPBF single-track scanning was developed, and the commercial 

software COMSOL Multiphysics® was used to predict the melt pool geometry and temperature 
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distribution. For the geometry, a substrate domain of 1500×750×500 μm was considered the bulk 

part, and a top layer domain of 1500×750×45 μm as the powder part was modelled (Fig. 5-2). In 

the mentioned 3D model, the powder part was evenly covered on top of the bulk part, and the layer 

thickness was set to 45μm. Both solid and powder components were meshed using very fine cuboid 

(hexahedron) elements, resulting in a total of 105,000 elements. The single-track scanning required 

57 minutes of computation on an Intel® Core i7-7700 CPU. 

The developed model has also been studied with higher and lower element sizes. In comparison 

with the optimal state, when the number of elements was increased to 150000, the maximum melt 

pool temperature increased by 0.8%, the melt pool depth increased roughly by 1%, and the 

computation time extended by 3.6 times. Conversely, reducing the number of elements to 

approximately 65000 resulted in a 5.1% decrease in the maximum melt pool temperature, a 

reduction of about 9% in the melt pool depth, and a decrease in computation time to 0.8 times the 

optimal state. This comparison indicates that a higher number of elements, with a significant 

increase in computational time, provides similar results to the optimal case. On the other hand, 

reducing the number of elements not only does not significantly reduce the calculation time but 

also results in notable different outcomes from the optimal case. 

 

 

Figure 5-2: Designed single-track model geometry and mesh configuration for FE analysis. 
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5.3.2 Governing equation and boundary Conditions 

Based on the first law of thermodynamics (i.e., conservation of energy), the governing equation 

for a three-dimensional heat transfer can be written in the following form (Eq. 5-1): 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
− [

𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
)] = 𝑄(𝑥, 𝑦, 𝑧, 𝑡)                                               (5-1) 

where ρ is the density of material [kg/m3], Cp is the specific heat [J/kg.K], T is the temperature 

[K], t is the time [s], k is the temperature-dependent thermal conductivity [W/m.K], and Q is the 

volumetric heat source [W/m3].  

Note that in Eq. 5-1, it has been assumed there is no mass transfer. Due to the preheating of the 

building plate, a constant 353K temperature was applied to the bottom surface of the 3D model, 

and the initial temperature of the entire model was set to 293K. It should be mentioned that the 

ambient temperature (Tamb) of the environment during the process was set to 293K. The convective 

and radiative heat losses were considered as other boundary conditions. The convective heat loss 

(qc) was expressed based on Newton’s law in Eq. 5-2 and applied to the top surface. The radiative 

heat loss (qr) was applied on the top surface and accounted for by using the Stefan-Boltzmann law 

(Eq. 5-3). Since the thermal conductivity of the powder is very low, the isolation boundary 

condition was assumed in the other boundary surfaces. 

𝑞𝑐 = ℎ𝑐  (𝑇𝑎𝑚𝑏 − 𝑇)                                                                                                                    (5-2) 

𝑞𝑟 = 𝜀𝜎𝑠𝑏 (𝑇𝑎𝑚𝑏
4 − 𝑇4)                                                                                                               (5-3) 

where hc is the convective heat transfer coefficient [W/(m2K)], ε is the melt pool and surrounding 

zone emissivity, and σ is the Stefan–Boltzmann constant [W/(m2K4)]. 

5.3.3 Material properties 

In this simulation, two different material properties of Ti-5553 were assigned to the model for two 

forms of bulk and powder. Due to the similarity between the physical properties of Ti-5553 and 

Ti-64, for unknown properties of Ti-5553 powder, some interpolations have been used based on 

published Ti-64 powder properties. The effective thermal conductivity of Ti-64 powder is typically 

from 0.22 to 0.53 W/m.K below 664 K (0.4Tm) and about 6.9 W/m.K at melting temperature. On 

the other hand, the bulk thermal conductivity of Ti-64 at room temperature and melting point is 
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from 6.7 to 7.5 W/m.K and about 33.4 W/m.K, respectively [74,78,147–149]. Based on the 

existing bulk thermal conductivity of Ti-5553 and corresponding values of Ti-64 alloy, the thermal 

conductivity of the Ti-5553 powder was estimated and reported in Table 5-5 [150]. In Table 5-5, 

the density, and the specific heat of solid and powder Ti-5553 have been mentioned as well. The 

density of the powder Ti-5553 (effective density) was calculated based on bulk density (Eq. 5-4) 

and defined as: 

 𝜌𝑃𝑜𝑤𝑑𝑒𝑟 = (1 − 𝜑)𝜌𝑆𝑜𝑙𝑖𝑑                                                                                                           (5-4) 

where 𝜌𝑃𝑜𝑤𝑑𝑒𝑟 is the density of powder, 𝜌𝑆𝑜𝑙𝑖𝑑 is the density of the solid and 𝜑 is powder porosity. 

The powder porosity has an initial value (assumed 0.45 in this work) under melting temperature 

(1933 K) which decreases to zero when the powder is fully melted [148,151]. 

As in prior literature, the powder part heat capacity was assumed to be the same as that of the solid 

[23,152]. Note that, to compensate for the latent heat of fusion, the specific heat increased between 

solidus and liquidus and assumed the latent heat of fusion is equal to extra absorbed heat in this 

range [23]. The amount of this modification in the mentioned temperature area can be derived from 

Eq. 5-5 [20]: 

𝐶𝑃 = {

𝐶𝑃,Sensible                                 𝑓𝑜𝑟                                    𝑇 < 𝑇𝑠

𝐶𝑃,𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝐶𝑃 +
𝐿

∆𝑇𝑚
         𝑓𝑜𝑟                           𝑇𝑠 < 𝑇 < 𝑇𝑙

𝐶𝑃,Sensible                                 𝑓𝑜𝑟                                     𝑇 > 𝑇𝑙

                                         (5-5) 

                                                                                                                       

where Ts, Tl, and L are solidus temperature, liquidus temperature, and the latent heat of fusion, 

respectively. As the melting point of Ti-5553 (liquidus) is about 1933 K and the melting 

temperature range is assumed 50 K, the solidus temperature will be approximately 1883 K.  

 

Table 5-5: Thermophysical properties at specific temperatures for bulk and powder Ti-5553 

 Thermal conductivity (W/m.K) Density (g/cm3) Specific heat (J/g.K) 

Bulk Ti-5553 5 (298) – 34.4 (1933) 4.3 (298) – 3.9 (1933) 0.53 (298) – 0.83 (1933) 

Powder Ti-5553 0.26 (298) – 8.62 (1933) 2.1 (298) – 1.6 (1933) 0.53 (298) – 0.83 (1933) 
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For thermal conductivity and density of molten titanium, a 40% and 10% reduction have been 

considered, respectively, based on solid-to-liquid phase transformation. In this study, to improve 

the accuracy of the simulated melt pool dimensions, the anisotropically enhanced thermal 

conductivity method was employed [24,86,87,153]. It can be expressed as (Eq. 5-6): 

kx = λxk,     ky = λyk,    kz=λzk                                                                                                        (5-6) 

where λx, λy, and λz are the thermal conductivity (k) enhancement factors. As mentioned in the 

literature, the thermal conductivity of an LPBF-made solid part along the build direction (z) is 

much higher than along the horizontal (x,y) directions. This anisotropic behaviour is related to the 

grain shapes and orientations (columnar grain along with build direction), which affect the electron 

and phonon transport from grain boundaries [30]. Therefore, the enhancement factor in the depth 

direction (λz) should be greater than in the other directions. Based on a published study by Zhou et 

al. [30], the enhancement factors of λx=1, λy=1, and λz=3 were defined for the bulk part (LPBF-

made substrate) of the model. Also, fluid dynamics have not been considered in the modelling to 

reduce the complexity of the simulation and the computational time. The anisotropically enhanced 

thermal conductivity method is commonly used by researchers [86,87,154,155] to compensate for 

the effect of the heat convection of the fluid. Therefore, the same enhancement factors were 

defined for the powder part of the model. 

Finally, it is worth mentioning that, at first, the thermophysical properties of Ti-5553 powder were 

assigned to the powder part, but after the solidification of a molten element of the powder part, all 

thermophysical properties of the solid will be assigned to that element. Also, to improve the 

computational efficiency, the material absorption coefficient did not vary with phase changes in 

this simulation. 

5.3.4 Hybrid heat source model 

The three-dimensional conical Gaussian heat source model is a well-known volumetric heat source 

implemented in the simulation of metallic PBF and welding processes. In this 3D heat source 

model, a Gaussian heat intensity distribution is applied in a conical profile. Since it has a semi-

cylindrical geometry perpendicular to the component thickness and choosing a proper height for 

the cone can effectively compensate for the absence of convection heat transfer, it is suitable for 

the simulation of deep penetration laser welding and manufacturing [23,84,156,157]. In the current 
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research, a new hybrid conical heat source model with the Gaussian distribution has been 

developed and used for simulation. As mentioned in the introduction, in this kind of FE modelling, 

conduction is the dominant heat transfer mechanism. Hence, when the laser irradiates on the top 

surface powder particles, the laser intensity will be absorbed by those particles, and then the 

absorbed heat will penetrate through the build piece based on the heat source model shape and 

intensity distribution function.  

In reality, the top surface powders can not absorb laser radiation completely, and a portion of the 

laser beam may penetrate through the gaps between powder particles directly or via reflection and 

heat the lower sublayer powders. Indeed, as reported in a previous study by Boley et al., laser 

energy absorption of the powder layer in additive manufacturing is the sum of each sublayer’s 

absorbed energy [158–161]. Based on this fact, using multiple heat source profiles (for powder 

sublayers) in the LPBF process is needed. It should be noted all the above-mentioned facts are 

related to the conduction melting mode, where the powder condition is more stable, and the 

following model should not be used for the process parameters which cause an unstable keyhole 

melting mode. It should be noted that there is no laser beam transmission in titanium powders. 

The proposed hybrid model in the current research addresses this physics. Fig. 5-3 shows the 

percentage of laser energy absorption by the first powder layer directly and the percentage of the 

laser energy that may penetrate into the next sublayer. This portion can be calculated by a simple 

area ratio measurement.  

 

 

Figure 5-3: The percentage of absorbed laser radiation in the first layer of powder. About 90% of laser radiation is 

absorbed and the remaining 10% penetrates to the next powder sublayer. 
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Since the nominal diameter of the laser beam is 100 μm and the powder size (diameter) is assumed 

15 μm (based on the average size of Ti-5553 powder from Table 5-2), the first powder sublayer 

may absorb about 90% of laser radiation, and about 10% may penetrate to the next sublayer. The 

calculated percentage agrees with similar investigations in the literature [161].  

As layer thickness is 45 μm, it can be assumed that there are 3 sublayers and for each sublayer, a 

specific 3D conical Gaussian heat source should be applied. This hybrid heat source is called the 

triple-cone heat source model. 

Based on a 3D conical Gaussian heat source model, laser beam heat input at any plane (x,y) 

perpendicular to the z-axis at time t can be expressed as (Eq. 5-7): 

 

𝑄𝑣 (𝑥, 𝑦, 𝑧, 𝑡) =  
6𝛼𝑃

𝜋𝐻(𝑟0
2 + 𝑟0𝑟1 + 𝑟1

2)
 exp [−2 

(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2

𝑟2
] 

𝑟(𝑧) = 𝑟0 +
𝑧

𝐻
(𝑟0 − 𝑟1)                                                                                                               (5-7) 

where α, P, xc, and yc are the material absorptivity, laser power, and the positions of the beam 

center in x and y directions, respectively. As shown in Fig. 5-4a, H is the height, r is the radius at 

different z, r0 is the radius of the laser spot on top (50 um) and r1 (30 um) is the radius on the 

bottom of the conical Gaussian heat source. The values for parameters 𝐻 and α will be explained 

in section 5.4.1. 

For the triple-cone heat source model, since the portion of laser effectiveness in the first sublayer 

is 90% and penetration to the next sublayer is 10%, a factor of 90%, 9%, and 1% should be 

considered for the heat source model of the top sublayer, middle sublayer, and bottom sublayer, 

respectively (Fig. 5-4b).  
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Figure 5-4: Schematic diagram of the volumetric heat source models: (a) Conical Gaussian heat source model and 

(b) the hybrid triple-cone Gaussian heat source model.  

 

One of the main advantages of this triple-cone heat source in comparison with a regular (single-

cone) conical heat source, at the same conditions, is that the temperature in the simulated melt pool 

with a triple-cone heat source is more distributed through the layers. In the simulated melt pool 

with a regular conical Gaussian heat source, the temperature of the hottest region is extremely high 

(higher than the material boiling point), even in the conduction melting mode. To address this 

issue, the temperatures above the boiling temperature (Tb) should be capped at Tb. Therefore, the 

temperature distribution in the considerable area of the melt pool will be affected by this 

assumption. On the other hand, the triple-cone Gaussian heat source can lead the heat through the 

model domains and provide an acceptable temperature distribution (under boiling point) for the 

simulated melt pool. Hence, the hybrid triple-cone Gaussian heat source model is more reliable for 

the investigation of solidification and microstructure formation, compared to the regular cone 

Gaussian heat source model. 
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5.4 Result and discussion 

5.4.1 Experimental measurement and validation 

As mentioned in Table 5-4, LPBF single-tracks with a laser power range from 125 to 225W, 

scanning velocities from 600 to 1600 mm/s, and a layer thickness of 45 μm were printed on LPBF-

made Ti-5553 substrate. The melt pool width and depth were measured through the microscopic 

images of the single-track cross-sections. To validate and calibrate the developed model, the 

measured melt pool dimensions were used to make a comparison between the experimental and 

numerical results [23,85,87].  

Suzuki et al. [162] found that the melt pool depth and melt width have linear relationships with 

𝑃/√𝑣 based on the equation of deposited energy density, ED [J], as follow: 

𝐸𝐷 =
𝐴𝑃

√𝜋𝐷𝑣𝜎3
                                                                                                                           (5-8) 

where A and P are the laser absorptivity and the laser power [W], respectively, Dτ is the thermal 

diffusivity [m2.s− 1], v is the laser scanning speed [m/s] and σ [m] is the laser spot size (Fig. 5-5b). 

Shahabad et al. [23] reported that as the melt pool size is proportional to heat source profile height 

(H) and laser absorptivity (α) of the conical Gaussian heat source model, these two factors have 

also direct relationships to 𝑃/√𝑣, which this ratio can be used for model calibration. When the 

deposited energy density increases, the melt pool depth becomes larger due to higher heat 

penetration, and the material tends to absorb more energy. The flowchart in Fig. 5-5a shows how 

the height of the heat source profile and absorption coefficient were used in the calibration 

procedure [23]. In this figure, DSim, WSim, DExp, and WExp are simulated melt pool depth, simulated 

melt pool width, experimental melt pool depth, and experimental melt pool width, respectively, 

and ε is the maximum acceptable error of model prediction (10%). 

As shown in Fig. 5-5c and Fig. 5-5d, the behaviour of the achieved H and α due to energy density 

changes are linear. Therefore, the empirical equations for H and α could be described in Eq. 5-9 

and Eq. 5-10: 

𝐻 =  𝑎1
𝑃

√𝑣
+  𝑏1                                                                                                                          (5-9) 
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𝛼 =  𝑎2
𝑃

√𝑣
+  𝑏2                                                                                                                         (5-10) 

where H [μm], α, P [W], and v [mm/s] are the height of the conical Gaussian heat source, laser 

absorptivity, laser power and scanning speed, respectively. The coefficients in the H and α 

empirical equations are as follows: a1=26.704, b1=50.534, a2=0.0578, and b2=0.2006. 

 

 

Figure 5-5: (a) Flowchart of the heat source calibration procedure [23]. (b) Schematic illustrations deposited energy 

density [162], (c) liner behaviour of height of the conical Gaussian heat source H, and (d) absorption coefficient α 

due to the deposited energy density changes. 

 

After calibration, the numerical results revealed a good agreement with the experimental results. 

Their average difference percentage for the melt pool depth was 8.8% and for the melt pool width 

was 4.5%.  
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Fig. 5-6 shows the comparisons of experimental and simulated melt pool dimensions at 225W, 

175W, and 125W. In this figure, melt pool size measurements (16 single tracks with 3 replications) 

are plotted as a function of laser power and scanning speed. As shown in Fig. 5-6, for all powers, 

the melt pool depth and width were reduced by increasing the scanning speed. Therefore, the 

deepest and widest melt pool belonged to the largest power and the smallest scanning speed 

(225W, 600 mm/s), and the smallest melt pool depth and width belonged to the smallest power 

and the largest scanning speed (125W, 1200 mm/s). Since the single tracks with a power of 125 

W and scanning speeds of 1400 and 1600 mm/s were not stable enough, their melt pool dimensions 

were not measurable. 

 

 

Figure 5-6: Comparisons of experimental and simulated melt pool dimensions at different laser powers of (a) 225, 

(b) 175, and (c) 125 W. The average percentage difference between numerical and experimental results for the melt 

pool depth was 8.8% and for the melt pool width was 4.5%. 

 

Fig. 5-7 shows the experimental and numerical melt pool shape and dimensions at two different 

process parameters. It should be noted that in the measurement of the simulated melt pool depth, 
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the powder layer has not been considered. The experimental results are clearly in good agreement 

with the numerical results. This predicted melt pool dimension can be used for finding the melting 

mode thresholds, possible defects, and process optimization. For instance, low input energy (low 

laser power and high scanning speed) may cause a shallow and small melt pool and the lack-of-

fusion defects [9]. In fact, when the melt pool width is small and two adjacent melt pools can not 

cover the gap between themselves, a lack-of- fusion is expected [1,22]. On the other hand, at high 

input energy (high laser power and low scanning speed), a deep melt pool with a spherical defect 

at the bottom of that is expected. This defect is typical of the laser beginning to operate in keyhole 

mode [1,79]. These two facts should be taken into consideration for hash distance and layer 

thickness choice. 

 

 

Figure 5-7: Numerically and experimentally measured melt pool dimensions, at (a)(b) P = 175 W, v = 800 mm/s and 

(c)(d) P = 225 W, v = 1400 mm/s.  
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5.4.2 Temperature distribution 

The temperature distribution in the melt pool and its effect on microstructure can be discussed by 

the extracted results from the developed model. Fig. 5-8 illustrates the temperature history of a 

melt pool with process parameters of P = 175 W and v = 600 mm/s, at 5 different points. These 5 

points (probes) have been shown in the simulated melt pool, in the top right-hand corner of the 

figure. They were set in the z-direction (in the direction of melt pool depth) from the depth of 50 

μm towards the bottom of the melt pool, at 10 μm intervals. The melt pool figure has been captured 

at t = 8.8 ×10-4 s when all the points have their highest temperature. As expected, at this time, the 

temperature peak decreases from the center to the bottom of the melt pool. Based on this fact and 

the temperature contours in the simulated melt pool, the hottest region is in the centre of the melt 

pool. This region, because of its highest temperature, will be the last point of solidification. This 

matter is reported experimentally in the literature [13]. 

 

 

Figure 5-8: Temperature history at 5 different locations (depth) of the melt pool region. During the cooling period, 

the melting point is the start of solidification at different depths. The process parameter is P = 175 W and v = 600 

mm/s. 
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In Fig. 5-8, the boiling temperature line shows that the maximum temperature of the melt pool is 

lower than the boiling point. So, for this process parameter (175 W, 600 mm/s), notable metal 

evaporation and keyhole defect formation are not expected. 

By comparing the temperature history diagram and CCT diagram of an alloy, the solid-state phase 

transformations can be inferred. The modelling of the LPBF process for Ti-5553 alloy shows the 

temperature of the hottest point of the melt pool decreased from melting point to room temperature 

in less than 1 second. Since the solid-state phase transformation of β to β + α during a continuous 

cooling from the melting point needs at least about 10 seconds, the solidified melt pool of LPBF-

made Ti-5553 has just a β phase. The experimental EBSD phase detection and literature XRD 

confirm that the β phase is the dominant phase of the as-printed Ti-5553 [4,55]. 

To investigate the solidification process of a melt pool, the extraction of thermal variables such as 

temperature gradient, cooling rate, and solidification rate is essential. As shown in Fig. 5-8, the 

temperature decreases after its peak. So, this point can be stated as the cooling start. To have a 

more reliable solidification study, the thermal diagrams should be extracted from the starting point 

of the solidification. As mentioned in section 5.3.3, the liquidus-solidus rage of this alloy is as low 

as 50 K. Hence, instead of liquidus-solidus rage, a specific temperature (melting point) was 

considered for the starting point of the solidification. In Fig. 5-8, it can be seen at the melting point, 

the solidification in the bottom of the melt pool (Green line) begins sooner than the centre of that 

(Black line). In this work, since the thermal variables of the melt pool have been extracted from 

the moving solidification front (solid-liquid interface), these variables will be presented in the form 

of some consecutive steps, from the beginning of solidification to the end (Fig. 5-8). 

5.4.3 Temperature gradient (G) and solidification rate (R) 

During solidification, the formed microstructure is governed by thermal variables including 

temperature gradient G and solidification rate R. For instance, G/R determines the morphology of 

the solidification structure and G.R (cooling rate or Ṫ) determines the size of the solidification 

structure [19,20]. Therefore, the estimation and prediction of these critical variables are vital to 

investigate the correlation between LPBF process parameters and formed microstructure. 

In Fig. 5-9, the solidification process of a melt pool (175 W, 600 mm/s) is shown in four 

consecutive steps in which the melt pool geometry and thermal variables are demonstrated at each 
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time step. The temperature gradient in the melt pool region is illustrated by the rainbow colour 

map. In general, in high-temperature zones, the temperature gradient is lower than that in the other 

zones. In addition, the average melt pool temperature gradient follows a decade trend during the 

solidification.  

 

 

Figure 5-9: Temperature gradient, cooling rate, and solidification rate at the solidification front, during the 

solidification of a melt pool (P = 175 W, v = 600 mm/s). They are plotted in 4 consecutive steps, from the beginning 

(a) to the almost end (d).  

 

The front side of the crystallization area shifts towards the center of the melt pool. The temperature 

histories of several probes, in both z and y-direction, were used to find the cooling rate and 

solidification rate of the solidification front. Therefore, probes are designed to keep track of the 

melt pool variables (such as the cooling rate and solidification rate) along with y and z directions. 
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z-direction probes are located in the middle of the melt pool width (where y = 0 um), while y-

direction probes are located in the middle of the melt pool depth (z = 50 um). To calculate cooling 

rates, the first derivative of temperature histories can be used at the solidification starts (Fig. 5-8). 

Furthermore, the solidification rate can be determined from the temperature gradient and 

calculated cooling rate. 

During the melt pool solidification, the cooling rate, and the solidification rate along with z-

direction (from the bottom to the center of the melt pool) decreased from 4.72 × 106 K/s to 1.76 × 

106 K/s and increased from 10.5 × 10-2 m/s to 25.9 × 10-2 m/s, respectively. Therefore, the solidified 

microstructure of the bottom of the melt pool experienced a higher cooling rate and a lower 

solidification rate in comparison with the formed microstructure of the center.  

Compared to z-direction solidification data, Fig. 5-9 also reveals the same solidification trends 

along with y-direction (from sides to the center of the melt pool). From the start of solidification 

to the (almost) finish, the cooling rate and the solidification rate decreased from 1.97 × 106 K/s to 

1.76 × 106 K/s and increased from 4.22 × 10-2 m/s to 25.9 × 10-2 m/s, respectively. It should be 

noted that the estimated G and R can help the interpretation of grain morphology and subgrain 

structure formation. 

5.4.4 Grain morphology prediction 

To investigate the effect of key thermal variables on grain morphology, combined parameters such 

as G/R and G.R are selected to predict the solidification mode and subgrain feature size. 

Solidification parameters (G, R, G.R, and G/R) at the solid/liquid moving boundary of the melt 

pool (175 W, 600 mm/s) are plotted in Fig. 5-10a and Fig. 5-10b, as a function of time. Fig. 5-10c 

shows the solidification map for a comparable Ti alloy (Ti-64), which is the closest available 

solidification map for Ti-5553 [152]. This map can be utilized to illustrate the grain morphology 

of the solidified melt pool. Depending on the melt pool thermal condition, the growth mechanism 

can be limited to epitaxial growth or extended to some level of equiaxed grain growth. A higher 

level of homogeneous/heterogeneous nucleation leads to a higher number of solidified crystals and 

results in a fully/partially equiaxed structure. In this regard, the grain morphology can be predicted 

well based on the solidification rate and temperature gradient [152,163]. 
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In Fig. 5-10c, the simulated G and R of each step were employed to predict the grain morphology 

of a selected single-track. It shows among three possible solidification morphologies (columnar, 

equiaxed, and mixed columnar/equiaxed structures), the grain morphology at all four melt pool 

locations would be fully columnar. In the same processing condition, the actual grain structure of 

the corresponding melt pool shows a fully columnar morphology too (Fig. 5-11a). 

 

 

Figure 5-10: (a) Predicted temperature gradient G and solidification rate R, and (b) G.R and G/R values, during the 

solidification of a melt pool (P = 175 W - v = 600 mm/s). (c) Prediction of grain morphology, based on simulated 

thermal variables and solidification map [152,163].  

 

As shown in Fig. 5-10c, in the solidification map, since the early-stage solidification condition is 

far away from the mixed region (at t = 8.8 × 10-4 s), the grain structure of the outer melt pool region 

is expected to be strongly columnar. However, during solidification, moving toward the center of 

the melt pool experiences a condition closer to a columnar/equiaxed mixed behaviour (at t = 11 × 

10-2 s), which implies having a higher nucleation rate compared to the outer regions. In other 

words, for a melt pool that has a mixed columnar/equiaxed structure, the probability of equiaxed 

grain formation in the center of the melt pool is higher than in the other regions of the melt pool. 

This fact has been reported in the experimental result of a previous study by Liu et al. [86]. In 

addition, Fig. 5-10b shows the G/R trend is decreasing and the value of the last point is lower than 
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the others while the formation of an equiaxed grain morphology is expected in locations with lower 

G/R values [131,164].  

It is important to investigate the heat flow of the melt pool, as epitaxial grains grow along with the 

heat flow direction. In this regard, the heat flow directions of the liquid metal are shown in Fig. 5-

11b with red-coloured arrows, and the grain morphology of the melt pool is depicted in Fig. 5-11a. 

Comparing the depth to the side of the melt pool a gradual transition in heat flow direction is 

simulated when vertical heat flows (at the bottom of the melt pool) are tilting toward the center of 

the melt pool (at the sides of the melt pool), Fig. 5-11b. The simulated heat flow results fall in 

good agreement with the actual solidification direction.  

 

 

Figure 5-11: (a) EBSD image shows columnar grains and their growth direction in the melt pool. (b) Simulated heat 

(loss) flow directions in red-coloured arrows. The process parameter is P = 175 W and v = 600 mm/s. 

 

In addition to the grain morphology, the other microstructure features such as primary dendrite 

arm spacing (PDAS) affect the mechanical behaviour of materials. PDAS is the distance between 

two neighbouring dendrite centers [145]. In recent years, several research studies have been done 

on the connection between the solidification behaviour in metal AM and the PDAS. One of the 

common topics in this area is finding the relationship between PDAS and cooling rate, qualitative 

or quantitative by using the developed equations for the casting solidification of different materials 

[165–167].  
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Fig. 5-12b and Fig. 5-12c compare the experimental and numerical results of subgrain size 

measurement. Based on the schematic solidification map (Fig. 5-12a), in the columnar dendritic 

region, higher cooling rates in the solidification front cause a smaller feature size or lower PDAS. 

Fig. 5-12b shows the extracted cooling rate in the solidification front of a simulated melt pool. It 

demonstrates the cooling rates varied. From the bottom to the top of the melt pool, at first, the 

cooling rate decreased, then increased. The lowest cooling rate has been signed by a yellow 

rectangular in Fig. 5-12b. On the other hand, Fig. 5-12c shows an experimental microscopic image 

of the same melt pool. It is observed that the dendrite size of the region which has a lower cooling 

rate is larger than the regions above or below this location. This also indicates an agreement 

between the model and the experimental result. 

 

 

Figure 5-12: (a) The schematic solidification map [131]. (b) Modelled cooling rate and (c) microscopic image of 

dendrites in the solidification front of a melt pool (P = 175 W - v = 600 mm/s). As expected, the dendrite size in the 

region with a lower cooling rate is bigger. 

 

As the earlier paragraph compared the results (cooling rates and PDAS) qualitatively, here, the 

comparison is done more in a quantitative method. The empirical equations in the literature 

demonstrate the relation between PDAS and cooling rate. The general form of these equations is 

shown in Eq. 5-11: 

𝜆1 = 𝐴Ṫ
 −𝑛

                                                                                                                               (5-11) 



85 

 

where 𝜆1 is primary dendrite arm spacing, Ṫ is the cooling rate, and A and n are constant values 

while constants are estimated to be 𝐴 = 49.038 and 𝑛 = 0.324 for the Ti-alloys [165]. 

To assess the quality of the developed model, another melt pool condition (with laser power of 

225 W and scanning speed of 600 mm/s) was selected to compare the estimated cooling rate 

(obtained from the empirical Eq. 5-11) to the simulated cooling rate. The simulated thermal 

variables and measured PDAS are shown in Fig. 5-13a and Fig. 5-13b, respectively. Since thermal 

variables vary along with the melt pool boundary, the same location (in both simulated and actual 

melt pools) is selected to compare the cooling rate from numerical and experimental 

measurements. With the average measured PDAS of 0.51 μm (Fig. 5-13b), the cooling rate was 

calculated ~1.32 × 106 K/s (Eq. 5-11). On the other hand, a close cooling rate value (~1.48 × 106 

K/s) is obtained from the simulation result.  

 

 

Figure 5-13: (a) Simulated thermal variables and (b) experimentally measured primary dendrite arm spacing in a 

melt pool with the same process parameters (P = 225 W, v = 600 mm/s). 

 

5.4.5 Effect of process parameters on thermal variables 

It is shown that the current model can be quite useful in terms of predicting thermal variables, 

grain growth or heat flow direction, grain morphology, and subgrain feature size. Changing key 

process parameters in the simulation (laser power and scanning speed) and calculating thermal 

variables can help to tune the process condition through a simulation process without any tedious 
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experimental measurement. In this matter, the developed model is employed to have an in-depth 

understanding of the effect of process parameters on the heat distribution.  

The thermal analysis was done for melt pools with different scanning speeds changing from 800 

mm/s to 1200 mm/s (fixed laser power of 225 W) and for melt pools with different laser powers 

changing from 125 W to 225 W (fixed scanning speed of 800 mm/s). Simulated G, R, G.R, and 

G/R were extracted from the mentioned melt pools and reported in Fig. 5-14. These thermal 

variables were measured at the beginning of solidification where the probes were located at the 

bottom of the melt pools.  

At a fixed laser scanning speed (800 mm/s), both G and R values show a downward trend when 

laser power increases from 125 W to 225 W (Fig. 5-14a). On the other hand, with a fixed laser 

power (225 W), G and R values show an upward trend when the scanning speed increases from 

800 mm/s to 1200 mm/s (Fig. 5-14b). In general, it is observed that a higher energy input reduces 

G and R values when either laser power or scanning speed is set to be a fixed value.  

Increasing laser power (125W-225W) results in lower G and R values by 12.2% and 6.5%, 

respectively (Fig. 5-14a). In addition, changing scanning speed (from 800 mm/s to 1200 mm/s) 

shows an increase in G and R by 39.7% and 37.3%, respectively (Fig. 5-14b). It is shown that G 

and R criteria are highly dependent on the scanning speed parameter while changing laser power 

has a minor effect on the G and R variations.  

Fig. 5-14c and Fig. 5-14d demonstrate the effect of process parameters on G.R and G/R variables. 

At a fixed scanning speed, increasing laser power causes a lower G.R (18.2%) and G/R (5.7%). 

On the other hand, at a fixed laser power, an increase in scanning speed results in higher G.R 

(92.8%) and G/R (1.2%). 

Since a similar trend in R and G values is observed (Fig. 5-14a and Fig. 5-14b), a constructive 

effect and a destructive effect are expected in G.R and G/R combined parameters, respectively. As 

a result, the G.R variation seems to be significant when it is compared to the G/R variation. It is 

noteworthy to mention that once again the scanning speed has a stronger influence on G.R values 

(92.8%) compared to laser power (18.2%). This is due to the simultaneous effect of scanning speed 

on G and R variables. 
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Figure 5-14: Simulated G and R at (a) fixed scanning speed and varied laser powers, and at (b) fixed laser power and 

different scanning speed. G.R and G/R at (c) fixed scanning speed and varied laser powers, and at (d) fixed laser 

power and different scanning speed. These thermal variables were measured at the beginning of solidification, from 

the bottom of the melt pools. 

 

The aforementioned analysis can be utilized in microstructure prediction when a desired 

mechanical or physical property is aimed to be optimized. For example, if an equiaxed grain 

structure is desired, a low G/R ratio is required to create a columnar to equiaxed transition, when 

a high laser power and low scanning speed can fulfill such a solidification environment. In 

addition, if a fine subgrain structure is aimed to reach, a higher G.R (cooling rate) is achievable 

with a high scanning speed and a low laser power. 

5.5 Conclusions 

In this study, a new hybrid (triple-cone) heat source model, was developed to simulate the heat 

distribution and solidification behaviour of LPBF-made Ti-5553. In addition to the melt pool 

geometry and temperature history, solidification parameters such as temperature gradient and 

solidification rate were extracted from the developed model. These parameters (G, R, G.R, and 

G/R) were calculated at the solid/liquid moving boundary of the melt pool, during solidification 

(from start to finish) and used for microstructure prediction. The simulated results were compared 
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with various experimental results. According to the integrated numerical and experimental 

measurements, the main conclusions can be summarized as follows: 

 

1) A new hybrid heat source model was developed, which provides very low modelling error 

and can predict the melt pool shape and dimensions accurately. The average percentage 

difference between numerical and experimental results for the melt pool depth was 8.8% 

and for the melt pool width was 4.5%. 

 

2) Simulation results show a variety of predicted G and R values across the melt pool. The 

consecutive solidification simulation of the melt pool shows a high-temperature zone at the 

center of the melt pool, while a low-temperature gradient always appears in the melt pool 

central region. During the melt pool solidification, the cooling rate (G.R) and the 

solidification rate along with z-direction (from the bottom to the center of the melt pool) 

decreased from 4.72 × 106 K/s to 1.76 × 106 K/s and increased from 10.5 × 10-2 m/s to 25.9 

× 10-2 m/s, respectively. Along with the y-direction (from the sides to the center of the melt 

pool) trend is the same. The cooling rate decreased from 1.97 × 106 K/s to 1.76 × 106 K/s 

and the solidification rate increased from 4.22 × 10-2 m/s to 25.9 × 10-2 m/s. 

 

3) For a melt pool that has a mixed columnar/equiaxed structure, the probability of nucleation 

and equiaxed grain formation in the center of the melt pool is higher than in the other 

regions of the melt pool. The G/R value at the center of the melt pool is about 10% of the 

G/R at the melt pool boundary. 

 

4) Results reveal that the model is capable of subgrain size prediction when the relationship 

between the simulated cooling rate and measured PDAS was investigated. The calculated 

cooling rate based on PDAS measurement was ~1.32 × 106 K/s, while the simulated cooling 

rate value for the same melt pool and location was ~1.48 × 106 K/s. As a result, the 

percentage error was around 12 % which indicates that the results are quite comparable. 

 



89 

 

5) It is observed that a higher energy input reduces G and R values at the bottom of the melt 

pool when either laser power or scanning speed is set to be a fixed value. Increasing laser 

power (from 125W to 225W) results in lower G and R values by 12.2% and 6.5%, 

respectively. In addition, changing the scanning speed (from 1200 mm/s to 800 mm/s) led 

to a decrease in G and R by 28.9.7% and 27.2%, respectively. 

 

6) The modelled heat flow direction which can stand as the direction of epitaxial grain growth, 

at the bottom of the melt pool is fully vertical. Moving from the bottom to the side of the 

melt pool, a tilt towards the center is seen in the simulated heat flow direction. 
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Chapter 6 

6 In-situ Microstructure Control by Laser Post-exposure Treatment 

during LPBF Process 

6.1 Introduction 

Laser Powder Bed Fusion (LPBF), the most popular metal Additive Manufacturing (AM) 

technology, has enabled the fabrication of metallic parts with tailored mechanical properties 

[1,7,59,143,168]. These properties immensely depend on the microstructural evolution during the 

LPBF process [169,170]. Hence, modification of the microstructural features during AM has 

generated a great deal of interest recently [91,98]. An engineered microstructure can provide 

enhanced anisotropic mechanical and physical behaviours, e.g., higher strength, lower Young's 

modulus, higher creep resistance, and higher conductivity [27,30,97,171,172].  

The characteristics of the microstructure can be attributed to the LPBF process parameters, 

particularly laser power (P), scanning speed (v), scanning strategy, and interlayer rotation giving 

rise to different thermal histories and solidification conditions [13,14,173]. Therefore, achieving 

the desired microstructure necessitates correlating the process parameters with solidification 

parameters such as temperature gradient, solidification rate, heat flow direction, and melt pool 

geometry [95,102,103,120,129,169]. Suzuki et al. [95] investigated the microstructure of LPBF-

made AlSi12 specimens under various laser powers and scanning speeds and found that the higher 

laser power and lower scanning speed led to the formation of coarser grains and higher volume 

fraction of <001> oriented grains. Ishimoto et al. [97] evaluated the microstructure of a beta-type 

titanium alloy manufactured by the stripe scanning strategy without rotation (X-scan), and with a 

rotation of 90° between the layers (XY-scan). They inferred that the microstructure obtained from 

the XY-scan strategy resulted in anisotropy, with a lower Young’s modulus along the build 

direction of the printed specimens. Other scanning strategies such as stripe and chessboard with 

67° random rotation in each layer, along with X-scan and XY-scan, were also investigated by 

Keshavarzkermani et al. [94]. They proposed that different solidification patterns resulting from 

variations in scanning strategy can significantly influence the grain size, grain aspect ratio, Taylor 

factor, and crystallographic orientation of grains, which in turn, affect the mechanical properties 
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of the LPBF-made Hastelloy X specimens. Attard et al. [91] developed a graded microstructure in 

additively manufactured Ni-based Inconel 718 superalloy through the manipulation of chessboard 

strategy parameters, such as island size, shift, and overlap, to achieve a dual microstructure in a 

fabricated turbine blade. In addition to the mentioned parameters, laser beam shaping has been 

recently considered as a new approach to modify the microstructure of the printed parts 

[93,174,175]. Roehling et al. [101] investigated the effect of Gaussian and elliptical laser intensity 

profiles on the microstructure of the LPBF-made 316 L stainless steel. They found that elliptical 

beams resulted in a finer equiaxed grain morphology, higher Taylor factor, and improved 

mechanical properties. 

In this research, a novel method is used to control the formation of microstructure during the LPBF 

process of Ti-5Al-5Mo-5V-3Cr (Ti5553) alloy, which is an alloy of wide application in the aircraft 

industry [16,36]. This method represents an in-situ heat treatment in which laser post-exposure 

(PE) scanning plays a key role. Since the remelting of the solidified layers can decrease the 

nucleation barrier for solidification, it has been hypothesized that a secondary shallow melt pool 

on top of the initial (main) melt pool may affect grain formation [26]. Employing the secondary 

laser scanning of much lower energy input, immediately after the initial laser scanning, provides 

a thin remelting layer on the solidified layer. This thin layer forms a more uniform solidification 

pattern and causes elongated grains formation, along the building direction. The LPBF-made parts 

treated with the laser post-exposure are comparable with directionally solidified products, which 

have enhanced anisotropic properties like good creep resistance [28,29]. It should be mentioned 

that the current research is the first scientific attempt to control the grain structure in this alloy 

using in-situ laser treatment during the LPBF process.  

6.2 Material and methods 

Plasma-atomized Ti-5553 alloy powder (produced by AP&C) was used for printing the specimens. 

The powder material was spherical in shape, with a D10, D50 and D90 of 22 μm, 35 μm, and 

46 μm, respectively. The EOS M290 machine equipped with a 400W Ytterbium continuous fibre 

laser with a wavelength of 1060 - 1100 nm was employed to fabricate the specimens. The laser 

spot diameter was 100 μm and the process was carried out under a high-purity argon (purity 

99.99%) gas atmosphere.  
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To examine the microstructure of the specimens, conventional cutting and metallography steps 

were done followed by etching of the mirror-like surfaces of the polished specimens using Keller’s 

reagent. The Keyence VHX-7000 optical microscope (OM) was used at 6000X magnification to 

observe the melt pool boundaries at high resolution. Scanning electron microscopy (SEM) and 

Electron backscatter diffraction (EBSD) analyses were performed by TESCAN VEGA3 SEM 

equipped with a BRUKER e-FlashFS detector. For the electron microscopy investigations, 

metallography steps were completed by vibratory polishing in the Buehler VibroMet2 machine for 

about 5 hours.  

6.2.1 Simulation 

A single-track scanning was modelled and the commercial software COMSOL Multiphysics® was 

used to predict the temperature distribution on top of the substrate. For the geometry, a bulk domain 

of 1000×500×500 μm was considered as the substrate and an extremely fine hexahedron mesh was 

implemented in that. For a three-dimensional heat transfer, the conservation of energy was used as 

the governing equation. The convective and the radiative heat loss from the top surface were 

considered as the boundary conditions and expressed based on Newton’s law and the Stefan-

Boltzmann law, respectively. 

The thermophysical properties of Ti-5553 at room temperature and melting point were assigned to 

the bulk domain. Thermal conductivity, density, and specific heat values were set to 5 W/m.K  

(298K) – 29 W/m.K (1923K), 4.3 g/cm3 (298K) – 3.4 g/cm3 (1923K), and 0.53 J/g.K (298K) – 

0.75 J/g.K (1923K), respectively. The moving surface heat source model with Gaussian 

distribution can be expressed as: 

𝑄𝑠 (𝑥, 𝑦, 𝑡) =  𝛼𝐼0 exp [−2 
(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2

𝑟𝑏
2

] 

𝐼0 =
2𝑃

𝜋𝑟2
                                                                                                                                       (6-1) 

where 𝛼, 𝐼0, P, rb, xc, and yc are the material absorptivity, the maximum beam intensity, laser 

power, the radius of the beam, and the positions of the beam center in the x and y directions, 

respectively [84]. In this study, 𝛽 was assumed to be constant with a value of 0.5, and r was equal 
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to the laser spot radius. The numerical modelling was used to mainly help determine the parameters 

to avoid the melting temperature, as explained in the following section.  

6.2.2 First-round fabrication (PE on the top surface) 

To perform the first step of the current research, a rectangular block (30×10×5 mm) was designed 

as the substrate (Fig. 6-1a). Later substrates based on this design were fabricated using the 

optimized printing parameters, including a laser power of 275 W and a scanning speed of 1000 

mm/s. A stripe scanning strategy was applied with a 67° random rotation in each layer, and the 

layer thickness and hatch distance were 45 μm and 100 μm, respectively. Post-exposure (PE) was 

applied to the top surface of the substrate, immediately after printing the last layer, where there 

were no powder particles. The PE scanning was done parallel to the length of the substrates using 

the stripe strategy (Fig. 6-1a), with a hatch distance of 80 μm.  

 

 

Figure 6-1: (a) Designed PE sample, (b) printed PE sample, and (c) 3 possible effects of PE on the top surface of the 

samples. 

 

Different PE parameters (a combination of laser power and scanning speed) result in 3 types of 

effects on the top surface of the substrate. When PE parameters provide low input energy, a 

partially remelted or non-remelted top surface is obtained, whereas the PE parameters with high 
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input energy form a fully remelted top surface (Fig. 6-1b and Fig. 6-1c). In the non-remelted 

samples, the PE treatment may not affect the microstructure of the substrate. However, in the fully 

remelted samples, the melt pools are too large, and their appearance and influence on the 

microstructure are similar to the initial melt pools. Therefore, the focus of this research is on the 

PE parameters which produce partially remelted tracks (Fig. 6-1c).  

In the first round, to find a proper window for the PE parameters, 23 sets of process parameters 

were compared. The variation of scanning speed and laser power is as follows: scanning speeds of 

800, 400, 200, 100, and 50 mm/s and laser powers of 1, 5, 10, 15, 20, 25, 30, 35, and 40 W. These 

process parameters are divided into 6 groups and are listed in Table 6-1. 

  

Table 6-1: Process parameters of the first-round PE samples 

# Scanning speed (mm/s) Power (W) VED (J/mm3) Simulated Max. Temp. [K] Name 

1 

800 

5 0.139 768 

Group 800 

2 10 0.278 963 

3 15 0.417 1207 

4 20 0.556 1408 

5 25 0.694 1595 

6 30 0.833 1764 

7 35 0.972 1832 

8 40 1.111 1916 

9 

400 

5 0.278 779 

Group 400 
10 10 0.556 1093 

11 15 0.833 1359 

12 20 1.111 1587 

13 

200 

1 0.111 414 

Group 200 
14 5 0.556 856 

15 10 1.111 1208 

16 15 1.667 1488 

17 

100 

1 0.222 467 

Group 100 18 5 1.111 915 

19 10 2.222 1288 

20 

50 

1 0.444 493 

Group 50 21 5 2.222 961 

22 10 4.444 1343 

23 0 0 0 0 Reference 
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Considering the fact that full remelting is not of interest during the PE treatment, numerical 

modelling was employed to help determine the parameters to avoid the melting temperature (1923 

K). Based on the developed model, the simulated maximum temperature for all the PE process 

parameters is lower than the Ti-5553 melting point (Table 6-1). It should be mentioned that one 

sample was designed without PE, as a reference sample. 

6.2.3 Second-round fabrication (PE on each layer) 

As the initial step of the investigation, the effects of PE on the top surface of substrates are 

assessed. The results and the corresponding discussion will be presented in the following sections. 

Based on these results, some PE parameters from groups 800, 400, and 200, which provide partial 

remelting, were selected for next-round printing. These PE parameters are as follows: P=30 W and 

v=800 mm/s, P=20 W and v=400 mm/s, and P=15 W and v=200 mm/s. In the second round, 5 

substrates were printed with the process parameters of the first-round substrates. Of these samples, 

1 sample was used as a reference (without PE), 3 were used for test repetition (PE was applied to 

their top surfaces), and the last sample was chosen to study the effects of PE on each layer during 

manufacturing.  

For the last sample, the PE parameter of P= 20W and v= 400mm/s was immediately applied after 

the printing of each layer. It should be noted that the PE hatch distance in the second round was 

set to be lower than 50 μm, and the scanning strategy was changed to XY-scanning (stripe strategy, 

with 90° rotation in each layer). For mechanical behaviour investigation, uniaxial tensile 

specimens with five replications were also printed with the same process parameters as the last 

sample (PE on each layer). The geometry and dimensions of the tensile test specimen can be seen 

in Fig. 3-1c, in Chapter 3. 

6.3 Result and discussion 

6.3.1 Remelting and new shallow melt pools 

As mentioned in Table 6-1, the PE treatment with laser powers ranging from 5 to 40 W, and 

scanning speed values ranging from 50 to 800 mm/s were applied to the top surface of the printed 

substrate. The top surface morphology of the PE samples was investigated through microscopic 

images. Fig. 2 shows the effect of post-exposure treatment on the top surface of some samples. As 



96 

 

shown in Fig. 6-2a, for group 800, the PE process parameter window achieves the desired partially 

remelted surface morphology. There is almost no effect on the top surface of the first sample with 

the lowest input energy (P=5 W), whereas the top surface of the last sample with the highest input 

energy (P=40 W) is nearly fully remelted. In this group, the PE parameters with moderate input 

energy (P=20, 25, and 30 W) provided partially remelted tracks. Since partial remelting was 

assumed as the mode of interest in this research, one of these PE parameters (e.g., P=30 W and 

v=800 mm/s) could be selected from group 800 for the second-round fabrication. 

 

 

Figure 6-2: Microscopic images of the first-round PE samples (top surface), at different PE parameters. The images 

show the effect of PE treatment on the top surface of (a) group 800, group 400, and (c) group 200 samples.  
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Fig. 6-2b illustrates that the lowest laser power (P=5 W) results in some indistinct remelted tracks; 

however, the other laser powers provide rather clearer partially remelted tracks. Therefore, P=20 

W and v=400 mm/s PE parameters were considered potential candidates for the second-round 

fabrication. In Fig. 6-2c, again there is a range of effects, from almost no remelting to partial 

remelting. Based on the microscopic images, the P=15 W and v=200 mm/s PE parameter set was 

selected from group 200 to be used in the second-round fabrication. It should be noted that the 

remelting condition for groups 100 and 50 was similar to that of the other groups. 

In the next step, to study the new remelted tracks and melt pools, all the samples were sectioned 

and investigated by microscope. Fig. 6-3 shows the micrographs of the cross-section 

(perpendicular to the PE tracks) from the first-round samples. As shown in Fig. 6-3a, there is no 

trace of the PE treatment on the top surface of the reference sample. However, in Fig. 6-3b and 

Fig. 6-3c, the PE melt pools and beads can be seen clearly (marked by a yellow rectangle). The 

dimensions of these melt pools are significantly smaller than those of the initial melt pools.  

 

 

Figure 6-3: Microscopic images of the first-round PE samples (cross-section), at different PE parameters. (a)(b) The 

reference sample does not have any PE melt pool, but (c)(d) samples with PE on top, have some small melt pools on 

their surface. For (a) and (c), the full coaxial mode (Observation in the bright field) and for (b) and (d) the full ring 

mode (Observation in the dark field) of the OM microscope have been used. 
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Based on the microscopic investigation of the first-round samples, the second-round samples were 

designed. As mentioned above, P=30 W and v=800 mm/s, P=20 W and v=400 mm/s, and P=15 W 

and v=200 mm/s, which provided partial remelting for the second-round fabrication. Since the 

average width of the PE melt pools was about 70 μm, in the second-round fabrication, the PE hatch 

distance was adjusted to a lower value of 50 μm to ensure complete coverage of the top surface of 

the last layer. In addition, to have a symmetric and systematic melting and solidification, the 

scanning strategy was changed to XY-scanning (stripe, with 90° rotation for each layer). 

6.3.2 Controlled microstructure 

In the second-round fabrication, a PE parameter was applied to each layer during printing to 

determine the effects of PE treatment on the developed microstructure. To gain a deeper scientific 

understanding of the effect of PE on microstructure, the results were compared with the 

microstructure of the reference sample (without PE). Fig. 6-4 shows the EBSD maps and grain 

size analysis of the reference sample and the PE-treated sample. Moreover, this figure 

schematically shows the laser track path sequences during the PE treatment were applied 

immediately after the printing of each layer. The grain sizes of the columnar grains were measured 

based on the misorientation distribution along the vertical direction of the columnar grains (white 

dashed line). Since a misorientation larger than 15º can be considered a grain boundary, the length 

of selected grains in Fig. 6-4a and Fig. 6-4b can be found by the measurement of the distance 

between each peak > 15º (red dashed line). 

Fig. 6-4b illustrates that the PE-treated sample has more uniform and uninterrupted columnar 

grains with fewer high-angle grain boundaries detected in the vertical growth direction. When the 

average linear intercept length between high-angle grain boundaries across seven vertical lines is 

measured for the reference sample, the average grain length is calculated as 321 µm, while for the 

PE-treated sample, the average intercept length is 845 µm. Furthermore, the grain morphology of 

the reference sample is more irregular, and the long columnar grains are interrupted by some 

smaller grains (Fig. 6-4a).  
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Figure 6-4: EBSD maps and grain size analysis of (a) the reference sample and (b) the PE-treated sample (post-

exposure on each layer: P=20 W and v=400 mm/s). The scanning strategy of each one was drawn schematically. 
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In addition to the mentioned data, the number and the average size of the detected grains are 

reported in Fig. 6-4. As shown in Fig. 6-4b, for the PE-treated sample, the number of detected 

grains is 202 μm and the average size of grains is 340 ± 17 μm. In contrast, Fig. 6-4a reveals a 

higher number of grains (452) and a lower average grain size (209 ± 13 μm) for the reference 

sample. While in an LPBF-made part with the XY-scanning strategy, the rotation of two 

consecutive layers breaks the epitaxial grain growth and causes the formation of finer grains, PE 

treatment results in the growth of longer and uninterrupted grains [176]. A more detailed 

investigation into the microstructural evolution mechanism(s) and the mechanical behaviour of the 

alloy is the subject of ongoing research by the authors. In the following section, the near-surface 

area of these two samples will be investigated for an in-depth understanding of the PE mechanism.  

6.3.3 Post-exposure mechanism 

To explain the microstructural mechanism behind the PE treatment, the last printed layer was 

investigated. To this end, the near-surface area of the reference and the PE-treated samples were 

explored by OM and SEM-EBSD microscopes. Fig. 6-5 illustrates the large initial melt pools and 

the shallow (secondary) PE melt pools, which are located in the near-surface region of the PE-

treated sample.  

The direction of the maximum thermal gradient (heat flow direction) reveals the solidification 

direction and grain growth directions of each of the melted regions [12,71,129,167]. This direction, 

which is almost normal to the melt pool boundary, is represented with blue arrows in Fig. 6-5b and 

Fig. 6-5c, schematically. The goblet-like shape of the initial melt pool (Fig. 6-5a) is an indicator 

of a laser keyhole or near-keyhole melting mode. In this type of melt pool, the grain growth 

direction in the side part of the melt pool is almost horizontal (orange area in Fig. 6-5c) and the 

formation of horizontal grains in this near-surface region is expected.  
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Figure 6-5: (a) Large initial melt pools and shallow PE melt pools, in the microscopic image of the PE-treated 

sample. (b) The grain growth direction in a shallow (secondary) PE melt pool is almost vertical, while (c) the grain 

growth direction in the top section of the large initial melt pool is almost horizontal. 

 

The formation of a layer of fine horizontal grains near the top of the initial melt pool can be noted 

in Fig. 6-6a, where the region within approximately 50 µm of the surface region contains multiple 

nucleated grains. The size of these near-surface grains is within the range of 30 to 50 µm, which 

is much finer than the large columnar grains of nearly 300 µm in length throughout the bulk 

structure. It can be noted that in Fig. 6-6a, the columnar grains are discontinuous, with many low 

and high-angle boundaries along the vertical build direction.  

As discussed previously, the formation of horizontal grains is expected near the surface of the 

keyhole or near-keyhole melt pools. When these near-surface horizontal grains are not fully 

remelted during the melting process of the subsequent layer, they can provide additional randomly 

oriented nucleation sites for grains to disrupt columnar growth. When the PE treatment is applied 

to the previously solidified layer, the near-surface nucleated grains observed within 50 µm of the 

surface become fully or partially remelted. However, since the amount of heat is reduced during 

the PE treatment, the molten layer is much thinner and less of an opportunity available for surface-

stimulated nucleation. As a result, the near-surface horizontal grains are restricted to a much lower 
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layer depth, and much fewer of these surface grains contain high-angle boundaries with differing 

orientations from the columnar grain below the surface (see Fig. 6-6b).  

 

 

Figure 6-6: EBSD maps and OM images of (a) the reference sample and (b) the post-exposure treated sample. The 

near-surface equiaxed fine grains of the reference sample disappeared after post-exposure treatment. 

 

It should be noted that the effect of the PE melt pools will play an outstanding role in the 

solidification history, while the solidified grains in a PE melt pool are remelted via the next layer 

melting process. In Fig. 6-6, it is shown that the PE melt pools reduce the number of existing grains 

at the very last solidified layer. This will decrease the number of nucleation sites for the next layer 

during the epitaxial growth process. As a result, the probability of the existence of new grains in 

the final microstructure is much less low in with PE condition compared to the regular (without 

PE) condition. Consequently, the PE process provides a mechanism for suppressing new grain 

nucleation and may facilitate more uniform growth of elongated and uninterrupted columnar 

grains, perpendicular to the substrate.  
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6.4 Conclusions 

In this research, the laser post-exposure treatment (a secondary laser scanning with significantly 

lower energy) has been proposed for the first time as a novel method for the in-situ microstructure 

control during the LPBF process. The investigation of PE-treated samples reveals that the PE 

treatment can effectively control the microstructure. The PE treatment creates even and shallow 

PE melt pools on top of each layer and suppresses the lateral (horizontal) grain growth from the 

sides of the initial (main) melt pools. The extra heat input of low-energy PE scanning causes a 

more uniform solidification pattern and creates a uniform and uninterrupted grain structure. The 

average length of the elongated grains is 845 μm and the grains are arranged in an organized 

manner, while the grain morphology of the same sample without the PE treatment is more irregular 

and interrupted, and the average length of the columnar grains is 321 μm. The formed elongated 

columnar grains by the PE treatment can anisotropically enhance some mechanical properties (e.g., 

creep and fatigue resistance), similar to what directionally solidified microstructure provides in 

conventionally manufactured parts. 
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Chapter 7 

7 Conclusions and Future Work 

7.1 Conclusions 

This work involves LPBF process optimization and simulation for the recently developed Ti-5553 

alloy, along with microstructure and properties characterization of the LPBF-made parts. A 

fundamental study has been done on the melt pool solidification process through the single-track 

to multi-layer method. The gained knowledge from the investigation of track morphology, melt 

pool geometry and melt pool microstructure was integrated with the observed microscopic 

examinations and CT-scan measurement to create a reliable process map for LPBF of Ti-5553. 

Given that, each set of process parameters within the optimal process window exhibits unique 

properties and characteristics, supplementary examinations, including microstructure evaluation 

and mechanical behaviour testing, were also carried out. These observations significantly helped 

to comprehend the effects of the significant process parameters on the formed microstructure and 

properties of the printed parts. While the single-track to multi-layer study offers valuable insights 

into melt pool solidification, it is important to note that certain aspects of the solidification process 

cannot be measured experimentally.  

To achieve an in-depth understanding of melt pool solidification, numerical modelling can provide 

an efficient solution for studying the correlation between the process parameters and the 

geometrical and thermal conditions of the LPBF-made melt pool. Hence, a new hybrid heat source 

model is developed to numerically simulate the LPBF process of Ti-5553 for the first time. This 

model, with a very low modelling error, can predict melt pool geometry and thermal variables 

including G and R, at different locations and time steps during melt pool solidification to estimate 

many important aspects of the microstructure such as grain morphology, subgrain size, and grain 

growth direction. 

The insights acquired through experimental and numerical analyses of melt pool solidification at 

different process conditions are used to propose laser post-exposure treatment as an inventive 

approach for in-situ microstructure control during the LPBF process. The post-exposure treatment 

provides a more uniform solidification pattern and consequently causes elongated grain formation. 
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The microstructures formed are comparable to the directional solidification (DS) microstructures 

which can anisotropically enhance some mechanical properties such as strength and creep 

resistance. This is the first scientific attempt to control the grain structure via in-situ laser post-

exposure. The following conclusions can be drawn from the current thesis: 

 

1) Raising the energy input from 23.1 J/mm3 to 120.4 J/mm3 leads to a significantly 

accelerated growth rate in the depth of the molten pool, approximately 2.6 times greater 

than its width. This occurs because the Gaussian distribution of the laser beam causes the 

powder particles at the central region of the beam to be more sensitive to energy variations 

in comparison to those located at the edges. 

 

2) The melt pool depth exhibits a higher level of sensitivity to laser power (53.7%) compared 

to its sensitivity to scanning speed (37.9%), while the influence of laser power and scanning 

speed on melt pool width is approximately equal, with values of 46.2% and 48.6%, 

respectively. 

 

3) Using process conditions near the conduction-keyhole threshold is sometimes preferred 

over the conduction mode. This transitional mode, with its capacity for facilitating deeper 

laser penetration, enabling multiple reflections within the keyhole channel, and enhancing 

energy transfer efficiency. Under this condition, pores may not form or, if they do, they are 

small and can be eliminated during subsequent layers. 

 

4) In the sample created by high VED parameters, which are marked by deeper and hotter 

melt pools, the α phase content is elevated, leading to greater strength and hardness while 

reducing ductility. 

 

5) The trade-off for attaining greater strength is a reduction in ductility. In the comparison 

between the high VED (72 J/mm3) sample and the moderate VED (~50 J/mm3) samples, a 

decrease in strength of only around 1.5% and 3.5%, respectively, leads to a substantial 

enhancement in their ductility, with improvements of roughly 45% and 65%, respectively. 
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6) The differences in properties observed in two samples sharing the same VED highlight that 

VED alone is insufficient as a design parameter. It underscores the importance of separately 

considering the primary process parameters, such as laser power and scanning speed. 

 

7) The simulated thermal variables exhibit that during the solidification of the melt pool, the 

cooling rate (G.R) decreased from 4.72 × 106 K/s to 1.76 × 106 K/s in the z-direction (from 

the bottom to the center of the melt pool). In contrast, in the same z-direction, the 

solidification rate (R) increased from 10.5 × 10-2 m/s to 25.9 × 10-2 m/s. Similarly, in the y-

direction (from the sides to the center of the melt pool), the cooling rate decreased from 

1.97 × 106 K/s to 1.76 × 106 K/s, while the solidification rate increased from 4.22 × 10-2 

m/s to 25.9 × 10-2 m/s. 

 

8) In a melt pool characterized by a mixed columnar/equiaxed structure, the likelihood of 

nucleation and the formation of equiaxed grains in the center of the melt pool surpasses 

that in other areas of the melt pool. The G/R value at the center of the melt pool is about 

10% of the G/R at the melt pool boundary. 

 

9) The simulated heat flow direction, representing the direction of solidification, is vertical at 

the bottom of the melt pool. Moving from the bottom to the side of the melt pool, a tilt 

towards the center is seen in the simulated heat flow direction. 

 

10) During post-exposure treatment, the secondary shallow melt pools on top of the initial 

(main) melt pools eliminate horizontal near-surface grains and decrease the grain 

nucleation sites. Furthermore, the grain growth direction in this shallow melt pool is almost 

vertical, aligned with the elongated grains. 

 

11) The average length of the elongated grains is 845 μm and the grains are arranged in an 

organized manner, while the grain morphology of the same sample without the PE 

treatment is more irregular and interrupted, and the average length of the columnar grains 

is 321 μm. 

 



107 

 

12) The post-exposure treatment forms elongated columnar grains microstructure, similar to 

directionally solidified microstructure in conventional manufacturing, which has the 

potential to provide anisotropy to enhance mechanical and physical properties along 

selected orientations (build direction). 

 

7.2 Recommendations and future work 

The research presented in this thesis was intended to investigate the impact of LPBF processing 

conditions on the characteristics of printed parts and apply the insights gained to enable customized 

manufacturing. To this end, after establishing an optimized processing window, the microstructure 

and properties of LPBF-made components were examined. The experimental and numerical 

analyses of solidification during the LPBF process were combined with the above-mentioned 

examinations, and then the laser post-exposure treatment as an in-situ microstructure control 

method was proposed.  

Based on the results and discussions detailed in the preceding sections, the primary objectives of 

this research have been successfully achieved. However, it is realized that various aspects of the 

project offer potential for enhancement and further exploration. Hence, some recommended future 

work has been proposed in this section as follows: 

 

• In the present research, the feasibility of in-situ microstructure control using an innovative 

method was discussed. The next critical investigation should focus on how the obtained 

DS-like microstructure affects the mechanical properties of the printed part. It is anticipated 

that the printed DS-like microstructure will offer consistent strength over a wider 

temperature range and improved resistance to creep and fatigue, similar to the conventional 

DS microstructures. 

 

• Given the use of Ni-base alloys in the manufacturing of components exposed to thermo-

mechanical stress, such as turbine blades, the investigation of microstructure control in 

these alloys using the post-exposure treatment method is of utmost importance. Since this 

method is designed based on melt pool geometry engineering, and the melt pool's 
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geometrical behaviour in Ni-base alloys closely resembles that of Ti-alloys, the post-

exposure treatment should also be effective for Ni-base alloys. 

 

• The new generation of LPBF machines, equipped with multiple lasers or laser beam 

shaping capabilities, offers enhanced opportunities for controlling microstructures. For 

example, a larger laser beam diameter with even intensity distribution may result in the 

formation of thicker elongated grains, and a quad-laser machine can expedite the secondary 

post-exposure scanning process. Furthermore, with recently developed machines and in-

situ supplementary processing, even may be possible to achieve a printed single-crystal. 

 

• Since the heat treatability of Ti-5553 alloy is notably high and the α phase formation is 

very sensitive to the process energy input (discussed in the section “4.2.2 Tensile 

strength”), the effect of post-exposure treatment on the α phase formation should be taken 

into account and investigated with high-tech examination methods like transmission 

electron microscopy (TEM). 

 

• The primary objectives of modelling in this research have been successfully achieved. 

Nevertheless, expanding from single-track modelling to multi-layer modelling can yield 

invaluable insights into the thermal conditions during LPBF of the 3D parts. This 

modelling approach can be employed in the industry, as it offers a high level of accuracy 

(in comparison to analytical modelling) and speed (in comparison to numerical modelling 

involving fluid dynamics). 
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