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Abstract 

Metal additive manufacturing (MAM) has recently attracted a lot of attention from different 

industrial sectors such as medical, aerospace, aviation, automotive, energy, etc., thanks to its 

unique capability of manufacturing customized complex geometries within a short end-to-end 

production time. Although MAM outweighs conventional production techniques in some 

certain aspects, it still needs to be improved as there are various types of defects that can 

originate from an improper choice of input parameters and during the course of the process. 

Defects in MAM products have different varieties and cover a wide range, including surface 

irregularities such as dross, stair-case and balling effects, voids and porosities and finally, 

deflections. The voids in MAM products can either form due to insufficient energy input, 

leading to the so-called lack-of-fusion porosities, or they can form due to excessive energy 

input that causes big depression zones in the melt pool that will eventually end up in keyhole-

induced porosities. The deflections in MAM products are caused by the formation and buildup 

of residual stresses during the process. In some extreme cases, these stresses can even lead to 

cracks. This signifies the fact that MAM is an inherently multiphysics process. Convection, 

radiation, evaporation and evaporative cooling, melt pool dynamics, recoil pressure, 

capillarity, the Marangoni effect, plastic deformation and yielding, creep, laser-material 

interaction and multiple reflections are some of the physical phenomena that take place during 

the course of MAM. Furthermore, the mentioned physics might occur at different length-

scales, spanning from micro-scale, to meso-scale and part-scale. Moreover, the fact that all 

these physics occur within a very short timespan, makes this process even more complicated. 

Accordingly, any improper selection of the input process parameters in MAM can lead to the 

formation of defects that affect the final quality of the products or deteriorate their mechanical 

properties. In this scenario, numerical simulations that take the involved physical phenomena 

into account, can be used as a tool for investigating the impact of the input process parameters 

on the part quality. 

The aim of this Ph.D. thesis is to model the thermo-fluid-metallurgical-mechanical conditions 

during MAM and at different length-scales. To this end, to fill the gap in the current literature 

in the field, three investigation tracks are identified in this thesis; meso-scale simulations, the 

Marangoni effect in MAM and finally, part-scale simulations. In one study from the first 

investigation track, the impact of the input process parameters in the Laser Powder Bed Fusion 

(L-PBF) process and on the heat and fluid flow and metallurgical conditions is studied. It is 

found that higher scanning speeds lead to higher cooling rates that cause finer grains sizes that 

eventually improve the mechanical strength of the samples. In another study from this 

investigation track, the formation and evolution of the lack-of-fusion porosities in L-PBF are 

simulated. The formation of keyhole-induced porosities is also studied in the first investigation 

track. Here, it is shown how the change in the morphology of the depression zone (keyhole) 
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can change the absorption of the laser power via multiple reflections. Finally, in the last part 

of this investigation track, a thermo-fluid model is developed for the Directed Energy 

Deposition (DED) process, where the influence of the carrier flow rate on the melt pool 

conditions is studied. It is observed that via using higher carrier flow speeds, the height-width 

ratio of the DED tracks increases. In the second investigation track, a fundamental study is 

performed on the impact of the Marangoni effect on the heat and fluid flow conditions during 

the L-PBF process. Both normal and inverse Marangoni effects are simulated and analyzed. It 

is found that higher magnitudes of the Marangoni effect lead to more uniform temperature 

distribution within the melt pool, where the role of conduction becomes less significant, as the 

temperature gradients disappear. Finally, in the last investigation track, a part-scale model is 

developed for simulating the thermo-mechanical conditions during the L-PBF process, where 

a novel multi-scaling rule, the sequential flash heating is introduced and implemented. It shown 

that by refining the stripe sizes, the final predicted deformation gets closer to the one measured 

experimentally. 
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Resumé 

Metal Additive Manufacturing (MAM) or 3D printing of metals, is a process that is used to 

manufacture metallic components in a layer-wise manner. MAM has a number of unique 

advantages when it is compared to traditional production methods. One of these advantages is 

the capability of MAM in manufacturing customized and complex geometries that would have 

otherwise been impossible to manufacture with traditional production methods such as milling 

and casting. Thanks to this capability, the world’s giant manufacturers such as Boeing, Airbus, 

GE, etc. have turned their attention towards MAM recently. Laser Powder Bed Fusion (L-PBF) 

and Directed Energy Deposition (DED) are the two most widely used MAM techniques in 

industries and are also the focus of this Ph.D. thesis. 

In L-PBF, first a coating tool starts adding a layer of powder particles on a platform, which is 

called the build table or build plate. After the powder layer distribution, a laser starts to scan 

predefined areas specified by the machine software. The amount of energy input from the laser 

beam is sufficient for melting down the powder particles. In this way and after the laser has 

left the area, a consolidated track of metal forms. These two consecutive steps continue until 

the whole part is manufactured. Unlike L-PBF, which is a multi-step process, DED is rather a 

continuous manufacturing technique. In DED, similar to L-PBF, a laser beam is used for 

melting the powder particles that are injected from a nozzle towards the base plate. In DED, 

the incoming powder particles start to melt due to the laser heat while they are being injected 

to the base plate. These powder particles start to cool down and then solidify after they collided 

with the build plate, where a track of material forms. 

Although MAM outweighs conventional production methods in some certain areas, parts that 

are manufactured with this process, still might have some defects. These can be in the shape 

of surface irregularities, voids, deformation, cracks, etc. The main reason behind the large 

variety of these defects is the fact that MAM is a multiphysics process. Several complex 

physical phenomena occur in MAM and within a very short time (microseconds).  

Numerical modelling of MAM, while accounting for the majority of the physical phenomena 

that take place, is very helpful for understanding the origins of the defects. More importantly, 

multiphysics simulations can aid manufacturers to identify the mechanisms of defect 

formation. In this way, one can use these simulations to study the influence of the input process 

parameters of MAM on the final part quality. 

On the top of what is mentioned above, it must be noted that not only is MAM a multiphysics 

process, but it is also multi-scale. In this respect, different categories of models with different 

complexities and at two different scales are developed for simulating both DED and L-PBF. 

The first four papers appended to the thesis are about detailed behavior of the melt pool and 

more importantly about the local thermal conditions around the zone of which is being 

irradiated by laser for both L-PBF and DED. In these four works, the formation and evolution 
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of porosities during L-PBF are investigated. The 5th paper is a fundamental study on the 

detailed behavior of the liquid metal due to different magnitudes of the Marangoni effect, while 

the 6th and last paper is about a part-scale simulation that is used to find the final deflection of 

components made by L-PBF and after they are cut from the base plate. More specifically, a 

novel methodology is  developed for a more accurate prediction of deflections.  
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1. Introduction 

This chapter is an introduction to the metal additive manufacturing (MAM) processes. In 

section 1.1, some of the applications of the MAM processes are discussed and in section 1.2, 

the Laser Powder Bed Fusion (L-PBF) and Directed Energy Deposition (DED) processes are 

explained. Important input process conditions of the MAM processes and typical defects 

encountered in the products are discussed in section 1.3 and 1.4, respectively. A general 

overview of the experimental methods used for the characterization of MAM samples are given 

in section 1.5. In section 1.6, the importance of the numerical modelling in MAM is discussed 

and finally in section 1.7, the structure of the thesis chapters is given. 

1.1.  The MAM processes 

Additive Manufacturing (AM) is a group of manufacturing processes that based on American 

Society for Testing and Materials (ASTM), is used to manufacture components in a layer-by-

layer manner and from an input 3D CAD file. The AM processes belong to one of the three 

major manufacturing engineering techniques which are additive, subtractive and forming 

technologies [1]. 

In general and according to the ASTM terminology, there are 7 AM techniques which are L-

PBF, DED, shear lamination, material extrusion, vat photo polymerization, binder jetting and 

inkjet bio printing [2]. The feedstock material used for each of these techniques can be entirely 

different, depending on the implemented AM process. For instance, the feedstock material in 

material extrusion is polymers [3], [4] whereas in DED and L-PBF, it is metals [5]–[7]. In this 

respect, these processes are divided into metal and non-metal AM methods. The two 

aforementioned DED and L-PBF techniques fall in the MAM processes and are the main focus 

of this thesis. 

The MAM processes have attracted a lot of attention from various industrial sectors e.g. 

aerospace and aviation [8]–[10], medical [11], [12], energy [13], [14] and automotive [15] and 

mainly due to their following capabilities: 

 Production of complex geometries  

 High material efficiency 

 Superior mechanical properties [16] 

 Short end-to-end production time [17]. 

Thanks to MAM’s unique capabilities, giant manufacturers such as Airbus, Boeing, GE, 

Chrysler, etc., have turned their attention towards MAM [18]. Furthermore, MAM products 

have experienced 875% of growth from 2013 to 2018 [19] and the number of sold metal 3D 
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printers has surged from 300 in 2013 to 1800 in 2017 [20]. According to Wohler’s report, it is 

estimated that by the end of 2020, the total MAM’s market value will surpass 20 billion US 

dollars [21]. However, it must be noted that the MAM products require a lengthy and laborious 

quality control and certification process [22], [23]. This confines the application of MAM to 

niche products where their high production expenses along with their lengthy quality control 

are not major barriers [24]. 

1.2.  L-PBF and DED 

A schematic view of a typical L-PBF machine is shown in Figure 1-1 showing its multiple 

production steps. In the first step, the machine computer receives the component’s 3D CAD 

file and then depending on the input process conditions, the machine software starts slicing the 

initial CAD geometry into layers with specific thickness. According to Figure 1-1 (b), the 

powder table moves an increment up while the build table moves the same level down, where 

this level amounts to the thickness of a single powder layer. Then in the third step, according 

to Figure 1-1 (c), the coater translates the powder particles to the build table. After the 

deposition of the layer, the laser, which is typically a fiber laser, starts scanning the powder 

particles and by heating them up and melting them, a consolidated layer of material will form, 

see Figure 1-1 (d). Steps 2-4 repeat until the whole part is manufactured. 

 

Figure 1-1. (a) A schematic of a typical L-PBF machine and (b)-(d) different steps of the L-PBF process. 

After the part is manufactured, the sample is cut from the base plate by means of electric 

discharge machining or bandsaw cutting. Also, it should be mentioned that in most of the cases, 

these samples undergo a stress relief heat treatment as well, which is meant to reduce the level 

of residual stresses in the parts and hence alleviate possible deflections. Furthermore, as the 

surface roughness of the as-built L-PBF parts are often very poor, some further post-processing 
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steps are added e.g. laser polishing or milling, that reduce the level of roughness of the samples 

[25]. 

The DED process works based on the same principle as L-PBF, where it also uses a laser as an 

energy source to fuse the feedstock material together and manufacture parts. Figure 1-2 shows 

a schematic view of the DED process. Unlike L-PBF, which is a multi-step process, DED is 

rather a continuous and single-step process. According to Figure 1-2, the nozzle consists of a 

number of tubes where some of them carry the powder particles while the rest guide the shield 

gas towards the location of what is being manufactured, thus protecting this zone from 

oxidation. 

 

Figure 1-2. A schematic view of a typical DED machine/process. 

In the DED process, the powder particles are heated up by means of a laser, whose beam is 

typically emitted from the nozzle’s central channel, as shown in Figure 1-2. These powder 

particles then melt down and subsequently deposit on the surface of the base plate. When the 

laser leaves the zone of irradiation, a consolidated track of metal forms, which is typically 

called the bead. The DED process has a lot of applications in surface coating and repairing of 

components that have been damaged [26], [27]. Furthermore, nowadays some techniques have 

been introduced to produce functionally graded materials which contain harder alloys on the 

surface of a component than in the interior to make it more resistant against erosion [28], [29].  

1.3. Process parameters in MAM 

There  are a number of input process parameters in the MAM processes that have a significant 

influence on the final quality of the products [30], [31]. According to Gibson, Rosen and 

Stucker [32], one can subdivide the L-PBF input parameters into laser-related, scan-related, 

powder-related and finally temperature-related parameters. Like the L-PBF process, DED 
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involves many input process conditions e.g. laser power, scanning speed, carrier flow rate, feed 

rate of the powder, nozzle geometry, beam shape, etc. Typical ranges for the input process 

parameters of DED and L-PBF are listed in Table 1-1. 

Table 1-1. Typical range of input process conditions for the L-PBF and DED processes. 

Process 

parameter 
 Process type 

  L-PBF DED 

Laser power  < 500 W < 3000 W 

Scanning speed  < 2700 mm.s-1 < 20 mm.s-1 

Beam size  < 100 µm < 5000 µm 

Powder size  < 60 µm < 150 µm 

references  [33]–[38] [39], [40] 

Build volume  300 by 350 by 300 mm3 3200 by 3670 by 300 mm3 

reference  [11] 

According to Table 1-1 the L-PBF process parameters are one order of magnitude smaller than 

the ones belonging to the DED process, both in terms of the energy input and the beam size, 

as Ma et al. [41] also noted. 

1.4. Defects in MAM 

There are several types of defects formed during MAM and they are mainly due to an improper 

choice of input process conditions. These defects can affect the final mechanical property of 

the products as well as their dimensional accuracies. L-PBF is known to be a very transient 

process as it occurs in a very short timespan and within a very localized domain [42], [43]. 

This will form an ideal condition for a directional solidification along with a very high cooling 

rate, which are very specific to the L-PBF process [44]. This solidification pattern in L-PBF 

leads to a unique microstructure [45]–[47] that can ultimately result in mechanical anisotropy 

of the final products [48]. 
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1.4.1. Porosities in MAM 

One major issue in MAM products is the presence of porosities and voids [49]. Researchers in 

both the welding and MAM communities have identified different reasons that can cause 

porosity in the final products [50]–[57]. In general, one can categorize the porosities 

encountered in the MAM products essentially into three groups [49] 

 Lack-of-fusion porosities 

 Keyhole-induced porosities  

 Metallurgical porosities 

The first category of pores in MAM are the lack-of-fusion porosities. This pore type, as can be 

inferred from its name, originates due to an improper melting of the powder layer caused by 

insufficient energy input to the domain. Figure 1-3 (a) shows a 3D X-ray Computed 

Tomographic (X-CT) image of a MAM sample, which involves a large amount of lack-of-

fusion porosities.  

 

Figure 1-3. (a) X-CT image of lack-of-fusion porosity. (b) SEM image of a longitudinal cross-section of a single 

track showing keyhole-induced porosity. (c) Confocal microscopic image of a single track cross-section where 

its blow-up image shows a metallurgical pore (Courtesy by Markus Baier, University of Padova). 

Lack-of-fusion pores are usually formed parallel to the scanning pattern and can sometime 

become as long as 100-150 µm [58]. According to a study by Wang et al. [59], these porosities 

are formed because of the separation of two adjacent tracks due to large hatch distances. 

In contrast, the second type of porosities, the keyhole-induced porosities, form due to very high 

or excessive energy input to the domain [60]. The keyhole-induced porosities mostly have 

irregular shapes as shown in the SEM image shown in Figure 1-3 (b). The main reason for the 

formation of such porosities is excessive evaporation and boiling of the liquid metal and 

subsequently the entrapment of the pores by the incoming solidification front [61]. Figure 1-4 

shows a map of porosity type for different laser powers and scanning speeds in L-PBF. 

According to this figure, there are three distinct zones that can lead either to a porous domain 
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or to a dense morphology. Based on Figure 1-4, at low scanning speeds and high energy inputs, 

zone α, there is a high risk of the creation of keyhole-induced porosities due to excessive heat 

input. Whereas at high scanning speeds and low input powers, zone γ, the type of porosity 

changes to lack-of-fusion voids. However, there will most often be a process window with 

optical input parameters that yield dense morphology as the amount of the lack-of-fusion and 

keyhole porosities are at an acceptable minimum, i.e. zone β.  

 

Figure 1-4. Map of possible porosity formation for L-PBF. 

Unlike the two mentioned porosity types, the metallurgical porosities can form because of 

several reasons, which are sometimes irrelevant to the choice of input process conditions. An 

example of a metallurgical porosity is shown in Figure 1-3 (c) where one can see the very small 

size of these types of pores as compared to the keyhole porosities. According to literature, the 

metallurgical pores can form due to the presence of titanium hybrids in Ti6Al4V alloys [62], 

gas-atomization of the powder particles [63], hydrogen migration [64] and the presence of low-

boiling point substances such as oil or other types of impurities [65]. The metallurgical 

porosities are mostly rounded and are much smaller than both the lack-of-fusion and keyhole 

porosities discussed earlier. 

These porosities can not only directly affect the final density of the products, but also, they can 

lead to a critical failure of the parts during loadings due to the crack formation and propagation 

[66], [67]. 

1.4.2. Residual stresses and deformations 

The very localized heat sources implemented in the L-PBF process, would cause very high 

temperature gradients that lead to high internal stress levels that are beyond the yield limit of 

most of alloys and metals at elevated temperatures. In this situation, samples produced by the 

MAM processes, involve residual stresses that can lead to cracks or even delamination of the 

final products [68], [69]. In order to remove or at least lower the magnitude of these residual 

stresses, a stress-relief heat treatment is typically carried out [70]. Without a proper heat 

treatment, the samples are most likely to release their residual stresses by being deformed after 
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they are cut from the base plates. Figure 1-5 (a) shows an example of broken samples due to 

crack propagation and (b) shows how a sample can deform upon the cutting process. 

 

Figure 1-5. (a) An example of fractured samples after cutting. (b) Scanned geometry of a deflected sample after 

cutting. 

1.4.3. Surface irregularities  

Apart from the process-induced porosities and the issue of residual stresses and unwanted final 

deformations, that all are within the internal body of the parts, there are also some issues with 

respect to the surface of the MAM products. For example, typically the upper side of the MAM 

parts involve a specific type of surface defect that is mainly originated from layer-wise 

discretization of the initial CAD file. This effect is called the stair-case effect in the MAM 

literature [71] and is shown in Figure 1-6.  

 

Figure 1-6. Schematic of the formation of dross and the stair-case effects on down-facing and up-facing surfaces 

in samples made by MAM. 
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There will be another sort of surface defect that forms on the bottom side of an overhanging 

surface. This defect, which is called dross in the MAM literature [72], occurs when the 

overhanging surface has an angle which is less than 45˚ with respect to the horizon. An image 

of the dross formation is also shown in Figure 1-6. Another surface defect that can form in 

MAM is the Plateau-Rayleigh instability that is basically the discretization of liquid melt pool 

into separated ball-like droplets along a scan track when the energy input is not sufficient to 

melt the base plate properly [73], [74]. This defect can also significantly affect the quality of 

the surface of the MAM products. 

1.5. Process characterization 

Understanding the influence of the governing physical phenomena in MAM and on the final 

part quality e.g. porosity level, density, microstructure, deflection, surface roughness, etc., can 

help manufacturers to find optimal process conditions in a more efficient manner, rather than 

solely doing trial-and-error experimentation. One proven technique for understanding the role 

of these input process conditions on the part quality is through the experimental investigations. 

In general, there are two ways of performing experimental investigations, and these are 

 Ex-situ experiments 

 In-situ experiments 

1.5.1. Ex-situ experiments 

According to their name, in the ex-situ experiments, the samples are initially manufactured 

based on a devised Design-of-Experiment (DOE) plan. These samples are post-processed and 

prepared for an experimental study. Such post-processing steps involve etching, polishing, 

grinding, cutting, etc. There are many types of experimental investigation techniques that are 

carried out for quality control and experimental analyses. For instance, Light Optical 

Microscopy (LOM) and Scanning Electron Microscopy (SEM) are used for observing defects 

and porosity distribution. In many cases, SEM is used to study the microstructural morphology 

of the MAM parts as well. Whereas experimental methods such as Electron Backscatter 

Diffraction (EBSD) are implemented for visualizing the grains within a sample [75]. EBSD 

images show how the grains are distributed and also determine the orientation angle of the 

grains. X-ray Computed Tomography (X-CT) is a technique that is widely used for observing 

the porosity distribution inside a MAM sample. Unlike the SEM and LOM analyses that only 

give a 2D view of the porosity distribution of a cross-section, X-CT images can show the 

internal porosity distribution in a 3D view. Moreover, the Fringe Projection method (FP) and 

the Focus Variation technique (FV) are two widely-used experimental methodologies that are 

used for studying the external features of MAM parts. Whereas FP is mostly used for 

measuring part-scale deformations and deflections of the part features [76], the FV method is 

dedicated to a local and detailed analysis of the part surface roughness. Table 1-2 lists some of 

the most widely-used ex-situ experimental techniques for analyzing MAM parts. 
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Table 1-2. List of some of the most widely-used ex-situ experimental methods used for the analysis of MAM 

parts. 

Technique Purpose references 

LOM Visualization of the track shape and porosity distribution [58], [77]–[80] 

SEM 
Study of grain’s shape and size of a sample and the 

morphology of the porosities 
[81]–[84] 

EBSD 
Visualization of the grains inside a sample along with the 

determination of the crystallographic orientation 

[77], [81], [82], 

[85] 

FP 
Determining the overall part deflection and its deviation 

from the original CAD file 
[76], [86], [87] 

FV 
Analysis of the surface texture of MAM samples and 

finding the surface roughness elevation maps 
[88], [89] 

X-CT 

Observation of porosity distribution inside a sample  

Observation of internal surface-related defects 

[80], [83], [90], 

[91] 

The ex-situ experimental tests listed in Table 1-2 are being widely used in both industry and 

academia. These techniques will give valuable information regarding the microstructure, 

porosity distribution, dimensional accuracy, etc. of the parts. However, there are a number of 

disadvantages when using the ex-situ experimental tests. One issue of the ex-situ experiments 

is the time requirements. The samples need to be post-processed prior to the experimental tests 

and this, depending on the number of samples, can take a long time. The other disadvantage, 

which is more significant, is the fact that these methods cannot capture the physical phenomena 

that have lead to a defect. In this situation, researchers have to devise a relatively large DOE 

that covers a wide range of process parameters in order to find the specific role of a parameter 

on the defect formation. This will on the other side, incur a relatively high cost on the 

manufacturer, who needs to produce a large number of test samples. 

1.5.2. In-situ experiments 

Unlike ex-situ experiments that are done after the end of the process, in-situ experimental 

investigations are carried out while the process is still running. Currently there are many types 

of monitoring techniques with different purposes that are used for monitoring and observation 

of either meso-scale or part-scale physical phenomena. As opposed to ex-situ 
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experimentations, which are very common in industry for the quality control and certification, 

in-situ experimental analyses are rarely carried out in industries and are more often done within 

academia. Most of the in-situ monitoring techniques are inherited from the welding community 

and are then applied to MAM processes. Table 1-3 lists some of these in-situ monitoring 

methods used for the MAM processes 

Table 1-3. Some state-of-the-art online monitoring techniques used for in-situ experimental analyses. 

Technique Purpose references 

High-speed 

CCD 

imaging 

 Finding the surface velocity of the melt pool [92] 

 Tracking the surface porosity movements [93] 

 Visualization of the denudation phenomenon [94] 

 Visualization of the spatter phenomenon [95] 

Infrared 

thermal 

imaging 

 Monitoring the online temperature evolution of 

the melt pool 
[96]–[100] 

Online X-ray 

monitoring 

 Online observation of the keyhole morphology  [101], [102] 

 Tracking the solidification pattern [103] 

 Online observation of the melt pool surface 

evolution 
[104]–[106] 

 Visualization of inverse thermo-capillarity  [107] 

Two-

wavelength 

thermal 

imaging 

 Online thermal mapping and determination of 

absolute temperature of melt pool 
[108] 

These online and in-situ experimental tests which are sometimes referred to as 4D monitoring 

techniques, can give a clear view of the melt pool while the MAM processes are being carried 
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out. However, these monitoring techniques are not ideal for uncovering certain different 

physical phenomena during MAM due to the following reasons 

 Unable to detect the internal temperature field of melt pool 

 Limited choice of temporal resolution and high storage requirements 

 Long preparation process 

 Harmful to the operator in some cases (X-ray monitoring) 

Thermal-imaging using infrared thermal cameras, which are one of the most widely-used 

techniques will not give any information regarding the temperature field inside the melt pool 

as it only shows the temperature on its surface. Furthermore, the infrared cameras require an 

a-priori calibration of emissivity, which in most of the cases is assumed to be temperature-

independent. In this situation, the infrared cameras underestimate the temperature of the liquid 

metal due to a drastic change in the metal’s emissivity, as the phase change occurs. Online X-

ray monitoring is currently the state-of-the-art among in-situ experimental methods that are 

used for studying the melt pool’s fluid dynamics or hydraulic behavior. These techniques are 

used for observing the keyhole formation during high energy input L-PBF processes and can 

also be used for tracking the solidification pattern during phase change. However, their setups 

would normally take a long time to prepare and they require very expensive equipment, such 

as an X-ray beam emitter and a miniaturized L-PBF machine. Thus, these techniques cannot 

be easily re-implemented by others due to these significant costs required for preparations. 

Moreover, as the L-PBF process takes place within a very short time-span, a very small time 

increment is required which in return would require a large space for storing the data. Another 

disadvantage of online X-ray monitoring is the fact that it can only visualize the melt pool’s 

internal flow behavior and cannot give any information about the thermal conditions inside the 

melt pool. 

1.6. Numerical simulation of MAM 

According to section 1.5, it is noticed that even the most advanced state-of-the art online 

monitoring devices are not able to give a comprehensive picture of the process involving the 

temperature and velocity field, the solidification behavior of solid and liquid metal, laser-

powder interaction, etc. and altogether.  

A consequence of this is that numerical simulations of MAM have attracted a lot of attention 

in the recent years both from academia and from industry. These simulations, depending on 

their degree of complexity, can predict various physical variables ranging from temperature, 

velocity and the melt pool hydrodynamics to residual stresses, deflections and crack 

propagation. For instance, in the simplest case a pure conduction model can simulate the 

thermal conditions during a single track MAM process while in a more advanced case, a 

thermo-fluid-metallurgical model can be implemented for studying the evolution of the melt 

pool microstructure upon solidification. In the latter case, the models can be slightly modified 
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for the simulation of lack-of-fusion or keyhole-induced porosities. In this situation, a cheap 

numerical model can replace the costly online experimental techniques while allowing for even 

a much finer spatial and temporal resolution. Furthermore, this model can predict the 

temperature and internal flow behavior of the melt pool at the same time, as opposed to the 

single-purpose online monitoring equipment. In this respect, the numerical simulations, 

especially when validated against experimental studies, can be used as a cheap and reliable 

tool for uncovering the underling physical phenomena and their implications on the final part 

quality. Moreover, advanced numerical simulations can be used as a tool to predict the 

evolution and final state of a sample’s microstructure, that is otherwise impossible to observe 

via any of the current online monitoring techniques.  

However, the reliability of these models depend heavily on the validation of their predictions 

with respect to the experimental observations. Once calibrated, such numerical simulation can 

be used for studying the impact of different input process conditions on the final quality of a 

part without requiring the production of several experimental samples that would have incurred 

a lot of cost on the manufacturer. 

1.7. The aims and structure of the Ph.D. thesis 

In this Ph.D. thesis, different numerical simulations with different degrees of complexity and 

at different length-scales have been developed for studying several physical phenomena that 

occur during the MAM processes. The thesis is categorized into three groups of investigations 

(A-C): 

A. In the first group, meso-scale multiphysics numerical simulations are developed for 

studying the thermal, fluid dynamics-related and metallurgical conditions during the both 

the L-PBF and DED process of IN718, MS-01 maraging steel and Ti6Al4V alloys. In this 

group of studies, the impact of the input process conditions on the melt pool shape and 

size and on the final microstructure of the single-track specimens are thoroughly 

investigated. This group of studies involve the prediction of both lack-of-fusion and 

keyhole-induced porosities as well. 

B. In group B, a fundamental study on the role of thermo-capillarity (the Marangoni effect) 

on the heat and fluid flow conditions during the L-PBF process is carried out. In this group, 

the impact of both inverse and normal thermo-capillarity, which are induced by a change 

in the concentration of surface-active elements in the melt pool, on the melt pool 

morphology is investigated via using dimensionless analysis. 

C. In the last group of investigations, a part-scale numerical model of the L-PBF process is 

developed. In this group, a novel methodology is introduced for reduced-order modelling 

of the thermo-mechanical conditions during the L-PBF process. 
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The thesis is divided into 7 chapters, which are briefly introduced here 

Chapter 1: Introduction 

In this chapter an introduction to the MAM processes and their application in industries is 

given. Then important input parameters belonging to the MAM processes are introduced. 

Possible defects that are encountered due to an improper choice of input parameters and their 

impact on the part quality are briefly discussed. Furthermore, the most important experimental 

techniques that are used for characterization and quality control of MAM samples are 

introduced. Finally, the importance of numerical modelling and simulation methods and their 

advantages with respect to experimental investigations are discussed. 

Chapter 2: Literature review 

This chapter gives an overview regarding different existing numerical models that are used for 

simulation of MAM processes. First, a literature review of meso-scale models and their sub-

branches including pure thermal, thermo-fluid and thermo-mechanical models is given. This 

is followed by a literature review on part-scale models and multi-scaling techniques in MAM.  

Chapter 3: Theory and methodologies 

In this chapter, first the main governing partial differential equations used for the developed 

models and their corresponding boundary conditions are described. Then different 

methodologies used for modelling the multi-layer L-PBF process and multi-scaling methods 

for part-scale simulation are given and different sub-models that are used for studying the 

thermal and metallurgical conditions in MAM are presented. 

Chapter 4: Highlights 

In this chapter, the most important highlights of the three investigation categories, the meso-

scale models, the part-scale model and the thermo-capillarity model are given and discussed. 

Each of the three mentioned categories are discussed in separate sections. 

Chapter 5: Summary of the appended papers 

In this chapter a brief summary of the appended papers is given. 

Chapter 6: Conclusion  

A conclusion of the investigations carried out in this thesis is given in this chapter. Finally, 

possible tracks for future investigations are pointed out. 

Chapter 7: Appended papers 
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In this section the publications from the Ph.D. are appended. 

Awards and publications 

Below is given a list of publications and awards from the Ph.D. project. It must be noted that 

only the first-authored journal papers are appended to the thesis. 

Awards: 

1 

25000 DKK Travel Grant from DTU: The candidate received a travel grant worth of 25000 DKK 

from DTU, in recognition of merits and competences during his Ph.D., as he was nominated as one of 

DTU's five strong candidates for the EliteForsk-travel grants. 

2 

IIW Kenneth Easterling best paper award: The paper titled "Multi-scale multi-physics simulation of 

metal L-PBF AM process and subsequent mechanical analysis of IN-718" was valued by an 

international committee as the best contribution made in three years on mathematical modelling of 

welding phenomenon. (PAPER-IX) 

Appended publications: 

Paper - I 

M. Bayat, S. Mohanty, and J. H. Hattel, “A systematic investigation of the effects of 

process parameters on heat and fluid flow and metallurgical conditions during laser-based 

powder bed fusion of Ti6Al4V alloy,” Int. J. Heat Mass Transf., vol. 139, pp. 213–230, 

2019. 

Paper - II 

M. Bayat, S. Mohanty, and J. H. Hattel, “Multiphysics modelling of lack-of-fusion voids 

formation and evolution in IN718 made by multi-track/multi-layer L-PBF,” Int. J. Heat 

Mass Transf., vol. 139, pp. 95–114, Aug. 2019. 

Paper - III 

M. Bayat et al., “Keyhole-induced porosities in Laser-based Powder Bed Fusion (L-PBF) 

of Ti6Al4V: High-fidelity modelling and experimental validation,” Addit. Manuf., no. 

August, p. 100835, 2019. 

Paper - IV 

M. Bayat, V. K. Nadimpalli, F. G. Biondani, J. Thorborg, N. S. Tiedje, and J. H. Hattel, 

“On the role of the powder stream on the heat and fluid flow conditions during Directed 

Energy Deposition - Multiphysics modelling and validation,” Int. J. Heat Mass Transf., 

vol. under revi, 2020. 
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Paper - V 

M. Bayat, V. K. Nadimpalli, D. B. Pedersen, and J. H. Hattel, “A Fundamental 

Investigation of Thermo-capillarity in Laser Powder Bed Fusion of Metals and Alloys,” 

Int. J. Heat Mass Transf., vol. under revi, 2020. 

Paper - VI 

M. Bayat et al., “Part-scale thermo-mechanical modelling of distortions in Laser Powder 

Bed Fusion – Analysis of the sequential flash heating method with experimental 

validation,” Addit. Manuf., vol. 36, no. November 2019, p. 101508, 2020. 

Non-appended publications:  

Paper - I 

M. Bayat, V. K. Nadipalli, S. Mohanty, and J. H. Hattel, “Resolving the effects of local 

convective heat transfer via adjustment of thermo-physical properties in pure heat 

conduction simulation of Laser Powder Bed Fusion (L-PBF),” in MCWASP XV: 

Modelling of Casting, Welding and Advanced Solidification Processes, 2020. 

Paper - II 

J. Thorborg, P. Esser, and M. Bayat, “Thermomechanical modeling of additively 

manufactured structural parts - different approaches on the macroscale,” in MCWASP 

XV: Modelling of Casting, Welding and Advanced Solidification Processes, 2020. 

Paper - III 

D. De Baere, M. Bayat, S. Mohanty, and J. H. Hattel, “Part-scale mechanical modelling 

of LPBF including microstructural evolution effects,” in MCWASP XV: Modelling of 

Casting, Welding and Advanced Solidification Processes, 2020. 

Paper - IV 

A. Davoudinejad, M. Bayat, A. Larsen, D. B. Pedersen, J. H. Hattel, and G. Tosello, 

“Mechanical Properties of Additively Manufactured Die with Numerical Analysis in 

Extrusion Process,” in Proceedings of the 35th International Conference of the Polymer 

Processing Society (PPS-35), 2020. 

Paper - V 

A. Davoudinejad, M. Bayat, D. B. Pedersen, Y. Zhang, J. H. Hattel, and G. Tosello, 

“Experimental investigation and thermo-mechanical modelling for tool life evaluation of 

photopolymer additively manufactured mould inserts in different injection moulding 

conditions,” Int. J. Adv. Manuf. Technol., vol. 102, pp. 403–420, 2019. 

Paper - VI 
D. De Baere, M. Bayat, S. Mohanty, and J. Hattel, “Thermo-fluid-metallurgical modelling 

of the selective laser melting process chain,” Procedia CIRP, vol. 74, pp. 87–91, 2018. 

Paper - VII 
M. Bayat, S. Mohanty, and J. H. Hattel, “Thermo-fluid-metallurgical modelling of laser-

based powder bed fusion process,” in COMSOL Multiphysics conference, 2018. 
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Paper - VIII 

M. Bayat, S. Mohanty, and J. H. Hattel, “Numerical modelling and parametric study of 

grain morphology and resultant mechanical properties from selective laser melting process 

of Ti6Al4V,” in euspen’s 18th International Conference & Exhibition, 2018. 

Paper - IX 

M. Bayat, D. De Baere, S. Mohanty, and J. Hattel, “Multi-scale multiphysics simulation 

of metal L-PBF AM process and subsequent mechanical analysis,” in The 12th 

International Seminar "Numerical Analysis of Weldability, 2018. 

Paper – X 

Witvrouw A, Metelkova J, Ranjan R, Bayat M, De Baere D, Moshiri M, et al. Precision 

additive metal manufacturing. In: Proceedings - 2018 ASPE and euspen Summer Topical 

Meeting: Advancing Precision in Additive Manufacturing. 2018.  

Paper - XI 

De Baere D, Van Cauwenbergh P, Bayat M, Mohanty S, Thorborg J, Thijs L, et al. 

Thermo-Mechanical Modelling of Stress Relief Heat Treatments after Laser-based 

Powder Bed Fusion. Addit Manuf. 2020;under revi. 

Paper - XII 

Zhang J, Liu Y, Bayat M, Tan Q, Yin Y, Fan Z, et al. Achieving high ductility in a 

selectively laser melted commercial pure-titanium via in-situ grain refinement. Scr Mater. 

2020;under revi.  
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2. Literature review 

This chapter is an overview of the current literature on the modelling of MAM processes. In 

the first section, different physical phenomena that occur during these processes are discussed. 

In section 2.2, a review of the most recent works on meso-scale models, including pure thermal, 

thermo-metallurgical, thermo-mechanical and finally, thermo-fluid and multiphysics models 

is given. Finally, in section 2.3., recent studies on reduced order part-scale simulations and 

their methodologies are discussed.  

2.1. MAM, a multiphysics process 

MAM is an inherently complex process as it involves several different physical phenomena 

that all occur in a very localized domain and within a very short time. To give an overall 

understanding about the complexity of this process, some of the physical phenomena that occur 

during MAM processes, are shown in Figure 2-1 that originates from L-PBF.  

 

Figure 2-1. An overview of the involved physical phenomena during the L-PBF process. The blowup shows a 

schematic view of the dendrites’ growth and nucleation. 

As the laser turns on, a tiny portion of its energy will be absorbed by the vaporized metallic 

plume, while a significant portion of the laser beam input power is either absorbed by the 

metallic domain (≈ 30-40 %) or reflected to the surroundings. The amount of energy that is 

delivered to the powder particles in both L-PBF and DED is sufficiently high such that it can 

heat up the particles and their underlying domain above their melting point. At this moment, 

as the solid metal changes phase to liquid, it becomes highly deformable. Then this deformable 

liquid starts flowing due to the involvement of several interfacial and body forces that form on 
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the surface and in the bulk of the metal, respectively. One of these interfacial forces is the 

capillary effect, which is linked to the surface tension of the liquid metal [109]. The capillary 

effect tends to minimize the energy of the free surface of the liquid, hence tries to make it 

convex. Another major interfacial force, which is also linked to the surface tension, is thermo-

capillarity or the Marangoni effect. According to Figure 2-1, the Marangoni effect, which in 

essence is a traction, forces the liquid metal to flow from the central part of the melt pool, 

where the hotspot forms, to the peripheral areas, where the temperature is lower [110]–[112]. 

However, it should also be mentioned that under certain circumstances, e.g. the addition of 

surface-active elements like sulfur or oxygen, the thermo-capillarity direction inverts and 

makes the liquid to flow from the colder zones to the central hotspots [113], [114]. There is 

also a third major interfacial force that is denoted the recoil pressure, the evaporation pressure 

or sometimes the ablation pressure [115], [116] that acts against the capillary forces. The recoil 

pressure forms due to the momentum balance with the departing vaporized metal and as a 

result, pushes the liquid metal downwards. This unique interfacial force can lead to the 

formation of a keyhole, when an excessive amount of heat is delivered to the metal and can 

lead to keyhole-induced porosity if the keyhole becomes unstable [117], [118]. On the thermal 

part, the energy delivered to the melt pool, will be transferred to the neighboring solid domains 

either through conduction or internal convection within the melt pool. At the same time, a 

smaller fraction of this energy will be transferred to the nearby surroundings via ambient 

convection, radiation or the evaporative cooling mechanisms, see Figure 2-1.  

Once the laser beam leaves the area, the liquid metal starts cooling down via the mentioned 

mechanisms and begins solidifying via releasing its latent heat of fusion. The solidification 

process occurs in a temperature interval for alloys that involve different constituents, starting 

from the liquid temperature and ending at the solidus temperature. Upon the solidification 

process, nucleation sites form that lead to the formation of grains, see the blow-up image in 

Figure 2-1. These nuclei start growing as the solidification process continues. The grains that 

are nucleated during the solidification process, might have different shapes and they can grow 

at different speeds [85], [119]. There are 4 major solidification parameters that significantly 

influence the grains shape and size [120]. These are solidification temperature gradient, 

cooling rate, growth velocity and the grain morphology factor. The two latter variables, the 

growth velocity and the morphology factor, are dependent on the two former ones, as will be 

discussed in chapter 3. Figure 2-2 shows a schematic map of the solidification temperature 

gradient versus the growth velocity that demonstrates the morphology of the resultant grains.  
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Figure 2-2. A schematic map showing the overall grain structure formed due to different solidification conditions. 

This figure is reproduced from [121]. 

According to Figure 2-2, depending on the solidification temperature gradient and growth 

velocity, the resultant grain morphology vary. Based on this map, higher temperature gradients 

together with high growth velocities, lead to a columnar grain structure. On the other hand, 

low thermal gradient together with a high growth velocity promotes the formation of equiaxed 

grains and increases the nucleation. The equiaxed grains, unlike the columnar grains, possess 

an aspect ratio of about unity. On the other side, the solidification cooling rate decides the size 

of the grains and according to Figure 2-2, at higher cooling rates, grains will have smaller sizes, 

regardless of their morphology. 

At the melting temperature, the material’s yield stress is very low, thus it yields immediately 

due to thermal expansion. As the material starts solidifying, the yield stress and the stiffness 

increase and consequently residual stresses begin to form and evolve in the material. These 

residual stresses remain inside the part until they are either alleviated due to a stress relief heat 

treatment or are released after cutting of the part from the base plate. These residual stresses 

can lead to unwanted deflections upon cutting. 

Another important challenge in MAM process simulations, is the fact that all these mentioned 

phenomena, although taking place at meso-scale and within the limited melt pool dimensions, 

have important implications at the part-scale. For instance, the thermal effects from the melt 

pool and different scanning strategies can influence the microstructure at distances far from 

the melt pool due to the solid state phase transformation or the so-called inherent heat treatment 

effect [122]. As another example, the formation and evolution of residual stresses can lead to 

part-scale deflections. In this respect, it is very well understood that MAM is not only 

multiphysics but also multi-scale, thus necessitating multi-scale and multiphysics simulations 

for investigations.  

Based on Figure 2-3, numerical simulations of MAM can be categorized into meso-scale and 

part-scale models. In the former, the domain sizes are about 1-3 mm, where the focus of the 
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investigation is the behavior of melt pool [123]. While in the latter, the computational domain 

is much larger and can span to 10-30 cm and can cover a whole part [124]. 

 

Figure 2-3. A schematic figure showing different types of the numerical simulations for the MAM processes at 

both the meso- and part-scales. 

According to Figure 2-3, meso-scale models are categorized into four groups: pure thermal, 

thermo-metallurgical, thermo-mechanical and finally the thermo-fluid (multiphysics) 

simulations. In the thermo-metallurgical and thermo-mechanical simulations, a pure heat 

conduction model is coupled to a metallurgical and a mechanical model, respectively. While, 

in the multiphysics simulations, as per their name, a broad range of physics are involved, such 

as fluid dynamics, phase change, multiple reflections, thermo-capillarity, ablation pressure, 

etc., see Figure 2-3. The part-scale simulations can be categorized into pure thermal, 

mechanical and thermo-mechanical models, see Figure 2-3. In these models, typically a multi-

scaling strategy is implemented for reduced order modelling. Despite the meso-scale models 

that are used for local analysis of the process and mostly cover the physics occurring within 

the laser beam vicinity, the part-scale models are dedicated for understanding the macro-scale 

physical and mechanical behavior of the parts, such as hotspot formation, overall thermal 

behavior, residual heat evolution, residual stresses and finally part deformation [125], [126]. 
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2.2. Meso-scale simulations 

2.2.1. Pure thermal models 

The majority of the numerical models of MAM processes and mostly up to 2018, are pure 

thermal simulations based on conduction heat transfer. These models are predominantly 

developed based on the Finite Element Method (FEM) [127]–[129] except very few works in 

which the Finite Volume Method (FVM) was implemented [130]–[133]. In these simulations, 

it is assumed that the powder layer is a continuum medium which possesses reduced order 

thermo-physical properties e.g. density, specific heat capacity, thermal conductivity, etc. In 

this type of models, the laser-material interaction is simulated via a moving heat flux with a 

Gaussian profile. Furthermore, the main purpose of these models is to find the overall influence 

of major process parameters on the melt pool thermal profile and the track shape and size. 

For instance, Yin et al. [134] developed a 3D thermal model of a single layer process of iron 

and studied the influence of the laser power, scanning speed and the beam size on the melt pool 

shape. They also confirmed that the beam enlargement leads to smaller melt pool width and 

depth. Even though by 2015, the majority of the thermal models were 3D, Chriales, Arisoy and 

Ozel [135], developed a two-dimensional FEM-based model for the investigation of the role 

of several process parameters on the temperature field during the L-PBF process of IN625 

alloy. They concluded that among eight major process conditions, the packing density has the 

most significant impact on the melt pool thermal conditions. Zhang et al. [136], developed a 

3D pure conduction model based on FEM to find the optimal process parameters for the L-

PBF process of tungsten-based alloy W-Ni-Fe. They modelled the laser beam effect with a 

moving Gaussian heat flux and finally found out that via using a lower powder layer thickness 

and a slower scanning speed, one can improve the printing of this high-melting temperature 

alloys. Li and Gu [137] developed a similar thermal model to investigate the influence of both 

the laser power and the scanning speed on the temperature gradients that are formed during L-

PBF of commercially pure titanium. They showed that the increase in the scanning speed leads 

to a slight increase in both the horizontal and vertical temperature gradients, while the increase 

in the laser power causes a significant increase in the temperature gradients in both directions. 

Liu, Zhang and Peng [138], studied a different aspect of L-PBF and focused their investigation 

on the role of thermal cycling during this process for stainless steel 316-L. They developed a 

thermal model for a single-track multi-layer process and eventually observed a temperature 

build-up in the subsequent tracks, leading to bigger melt pools. This phenomenon of the 

residual heat was also noticed by Roberts et al. [139], who found that this temperature build-

up increases steadily, as subsequent layers add up. Moreover, Liu, Zhang and Pang [138] 

showed via experimental measurements that thermal-cycling, causes grain-coarsening in the 

previously-manufactured tracks. 

As these thermal models do not account for the fluid flow and several other physics occurring 

inside the melt pool, researchers have to bring several parallel experimental evidences to 
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support their findings from their simulations. An example of such combined study was carried 

out by Shi et al. [140] who observed via both FEM-based thermal modelling and SEM analysis 

that a laser power of 125 W and a scanning speed of 100 mm.s-1 can result in a part with a 

dense morphology during L-PBF of the IN718 alloy. Their model had a significant 

resemblance to the one Li and Gu [137] had developed earlier, who also used a Gaussian heat 

flux for the thermal modelling of L-PBF. Antony et al. [141] used a similar approach and 

showed that via using a medium laser power and low scanning speed, one can manufacture a 

continuous track without any balling effect. Loh et al. [142] took the material shrinkage due to 

the powder-to-bulk transition into account in their FEM-based thermal model. They showed 

that increasing the laser power can cause significant material evaporation. Li et al. [143] also 

developed a FEM-based pure conduction model involving evaporation and shrinkage and 

defined three phases of gas, liquid and solid in their model. They found that ignoring the 

evaporation phenomenon leads to an overestimation of the melt pool size. There are also 

several other similar works in the MAM literature and on the thermal modelling of the L-PBF 

process based on pure conduction heat transfer, hence they are not discussed further [144]–

[150].  

Aside from the widely-implemented 2D-Gaussian heat flux, several researchers tried to 

develop 3D volumetric heat sources that can better capture the thermal effects of the laser or 

electron beam in the simulations. Based on [151], [152], the laser beam can penetrate into the 

powder bed, mainly because of multiple reflections. Accordingly, a number of researchers 

came up with modified volumetric heat sources, rather than heat flux, allowing for a more 

realistic simulation of the laser-material interaction by taking the penetration depth effect into 

account. 

For example, Foroozmehr et al. [153] developed a cylindrical volumetric heat source with a 

Gaussian planar distribution and used it in their 3D FEM-based thermal model of the L-PBF 

of 316 L stainless steel. In this work, they introduced the concept of Optical Penetration Depth 

(OPD), which is defined as the depth of which the majority of the laser rays can penetrate into 

the powder bed. They found the OPD via changing this parameter while comparing the 

predicted melt pool profile with the one found via optical measurements. Tran and Lo [154] 

also used a FEM-based thermal model and developed a volumetric heat source that accounts 

for laser reflection within the powder layer. They found the resultant absorptivity profile along 

the thickness of the powder layer via carrying out a Monte-Carlo ray-tracing model [154]. They 

predicted peak temperatures lower than the boiling temperature of the alloy in their study. 

Figure 2-4 (a) and (c) respectively show the vertical distribution and the planar shape of the 

heat sources developed by Foroozmehr et al. [153] and Tran and Lo [154]. 
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Figure 2-4. Different distributions of volumetric heat sources used for MAM along the depth of the domains for:  

(a) optical penetration depth, (b) exponential-decaying and (c) the distribution found by Monte-Carlo-based 

simulation from [154]. 

Yin et al. [155] and Xia et al. [156] developed a 3D volumetric heat source that had a Gaussian 

planar profile with an exponential-decaying distribution along the powder layer depth. This 

heat source shape is schematically shown in Figure 2-4 (b). Also, in a relatively recent work, 

Bruna-Rosso, Demir and Previtali [157] developed a FEM-based thermal model where they 

used Goldak’s double ellipsoid [158] and Gusarev’s [159] heat sources for the validation and 

application of their model. In their simulation, they considered the one-way powder-to-liquid 

and two-way liquid-to-solid transitions as well. Furthermore, they reported that lack-of-fusion 

can occur in the beginning of each layer and this can be avoided by a slight modification of the 

process parameters in the initial phase of the process. 

According to Kamara et al. [160], pure thermal models of MAM processes are not very 

accurate when it comes to the prediction of the temperature field. Kamara et al. [160] 

mentioned that these pure conduction models overestimate the temperature of the melt pool, 

unless a modified or enhanced liquid conductivity with a non-isotropic behavior is used. 

Although these pure conduction models have such limitations, especially since they do not 

involve fluid dynamics, they can still be used as a valuable tool for the prediction of the effect 

of input parameters on the metallurgical conditions and grains’ shape and morphology as well. 

As these simulations are computationally cheap, they can be readily coupled to a subsequent 

metallurgical or microstructural simulation [161]. 

An example is the work done by Gockel, Beuth and Taminger [162], who linked a 3D FEM-

based thermal model to a metallurgical model for the prediction of the grain shape/morphology 

of Ti6Al4V formed during MAM. Nie, Ojo and Li [163] developed a multi-scale model 

consisting of a FEM model for the thermal analysis and a stochastic analysis for the prediction 

of the evolution of the microstructure in MAM of a niobium-bearing nickel alloy. Their work 

showed that low ratio of solidification temperature gradient to growth velocity, leads to the 

formation of Laves phases. Raghavan et al. [164] also used a similar approach and used a pure 

conduction model for the thermal investigation using Truchas code [165]. Then they coupled 

the thermal model to the metallurgical model for the prediction of the grain morphology during 
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the MAM process of IN718. They investigated the impact of pre-heating temperature, laser 

spot-on time, beam size and finally the beam current on the grain shapes. They reported that 

among these four process parameters, the pre-heating temperature has the most significant 

impact on the grain morphology. Yin et al. [166] also developed a thermo-metallurgical model 

of the L-PBF process of the Ti6Al4V alloy and predicted the grain growth angle during multi-

layer process. They showed that the grain orientation angle with respect to the build direction 

reaches a steady state value after printing 10 layers. Manvatkar et al. [131] also developed a 

thermo-metallurgical model using a cylindrical volumetric heat source for the MAM of 316-L 

stainless steel. Their results showed that the cooling rate decreases when printing subsequent 

layers, thus leading to coarser dendrites and eventually lower surface hardness. 

 

Figure 2-5. Schematics showing the outputs from (a) the thermal model used for the determination of 

solidification conditions in the (b) metallurgical analysis. (b) Shows the conditions that can lead to a columnar or 

an equiaxed grain morphology. 

Figure 2-5 shows a schematic view on how the thermal model is coupled to the metallurgical 

model. According to Figure 2-5 (a), the temperature field is first calculated with the thermal 

model and then the two independent solidification parameters discussed in section Figure 2-5, 

the solidification thermal gradient and the cooling rate are determined. These variables are then 

used for finding the two dependent parameters, the grain growth velocity and the grain 

morphology factor in the metallurgical model, as shown in Figure 2-5 (b). Some researchers 

tried to use even simpler models for their thermal analysis as a part of their investigations. For 

instance, Bontha et al. [167], used the Rosenthal’s analytical solution for their thermal 

modelling and then used the data from this model for their subsequent metallurgical analysis. 

Plotkowski et al. [168] used a semi-analytical model for their thermal analysis. Their thermal 

model was basically a transient solution of a static ring-shaped heat source defined in a semi-

infinite domain [169]. In their study, they investigated the role of the spot time duration on the 

grain morphology and reported that for IN718, the lower spot time of 0.1 seconds, is beneficial 

for the columnar grain structure. Moreover, they observed that, a higher spot time of 0.25 
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seconds promotes an equiaxed grain morphology. Similarly, Huang et al. [170] used a semi-

analytical solution for the thermal modelling of the DED process of stainless steel 316-L. They 

used a metallurgical model to determine related solidification parameters and showed that 

smaller grains with equiaxed shape form on the top of the clad, while longer columnar grains 

form close to the base plate [170]. 

Another major application of these pure conduction models, is their capability of being coupled 

to a mechanical model for the prediction of the final residual stresses and deflections. In the 

thermo-mechanical models, a sequential coupling strategy is typically used, where a static 

mechanical model receives its inputs from the conduction thermal model.  

Accordingly, first, the temperature field and its related variables e.g. temperature gradients are 

determined in the thermal model. These variables are fed into the subsequent mechanical model 

in order to find the thermal loads. Then a static equilibrium mechanical model is solved to find 

the residual stresses and the resultant strains, based on the inputs from the thermal model. 

Hussein et al. [171] developed a meso-scale thermo-mechanical model of a double-track L-

PBF process of stainless steel 316 L. They reported high magnitudes of Von Misses stresses 

caused by repeated cooling and melting of the printed parts. Wu, Wang and An [172] 

developed a similar kind of model for studying the impact of the exposure time on the final 

residual stress of AlSi10Mg. They found that by increasing the exposure time from 100 µs to 

180 µs, both the thermal gradients and the resultant final stresses increase. They further 

managed to validate the model by comparing the predicted stresses with the ones measured via 

X-ray diffraction, where they obtained an error of less than 10 %. Gu and He [173] used a 

similar strategy and modelled the thermo-mechanical conditions during L-PBF of Ni-Ti shape 

memory alloy. They predicted very high residual stresses at the edges of the samples which 

led them to suppose that cracks might form in these zones. Farahmand et al. [174] developed 

a sequentially-coupled FEM-based thermo-mechanical model involving elements birth and 

death for the DED process of AISI H13 and mild steel A36. They used a top-hat heat flux as 

their heat source [175] and found compressive and tensile stresses in the base plate and in the 

tracks, respectively. They also noted that lower scanning speed leads to a bigger melt pool as 

well as higher thermal gradients that eventually cause higher level of residual stresses in both 

transverse and longitudinal directions. Table 2-1 lists conduction-based meso-scale models that 

exist in literature, together with their purposes and the software packages used for the 

simulations. 

 

 



26 

 

Table 2-1. Summary of literature on the meso-scale simulation of the MAM processes. No coupling implies that 

only a thermal simulation is carried out. 

Topic and highlights Authors Coupling Software Reference 

3D thermal model of the L-PBF process (Yin et al. 2012) None ANSYS [134] 

2D thermal model of L-PBF + comprehensive 

parametric study on the impact of 8 process 

condition on the thermal field within the melt 

pool 

(Criales, Arısoy, 

and Özel 2016) 
None 

In-house 

code with 

Matlab 

[135] 

3D thermal model of L-PBF of W-Ni-Fe 
(D. Q. Zhang et 

al. 2010) 
None ANSYS [136] 

3D thermal model of L-PBF of commercially 

pure titanium 

(Yali Li and Gu 

2014) 
None ANSYS [137] 

3D thermal modelling of L-PBF of 316-L 

stainless steel + modelling of the thermal 

cycling effect 

(Y. Liu, Zhang, 

and Pang 2018) 
None ANSYS [138] 

Investigation of the residual heat propagation in 

multilayer L-PBF of Ti6Al4V 

(Roberts et al. 

2009) 
None ANSYS [139] 

Finding the optimal process parameters for 

achieving a dense morphology for L-PBF of 

IN718 

(Shi et al. 2016) None ANSYS [140] 

Finding optimal process parameters for 

manufacturing defect-free tracks made of 316-L 

stainless steel 

(Antony, 

Arivazhagan, 

and 

Senthilkumaran 

2014) 

None ANSYS [141] 

3D thermal modelling of L-PBF of Al-6061 + 

considering the evaporation and shrinkage 

(Loh et al. 

2015) 
None 

COMSOL 

Multiphysi

cs 

[142] 
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3D thermal modelling of L-PBF of Al-6061 + 

vapor/liquid/solid phase indicator 

(Yingli Li et al. 

2017) 
None - [143] 

3D thermal modelling of L-PBF of 316-L 

stainless steel via implementing the optical 

penetration depth method 

(Foroozmehr et 

al. 2016) 
None ANSYS [153] 

3D thermal modelling of L-PBF of 316-L 

stainless steel + developing a volumetric heat 

source based on a Monte-Carlo ray-tracing 

method 

(Tran and Lo 

2018) 
None 

COMSOL 

Multiphysi

cs 

[154] 

3D thermal modelling of multi-track L-PBF 

process + validation with high-speed imaging 

(Bruna-Rosso, 

Demir, and 

Previtali 2018) 

None 
In-house 

code 
[157] 

3D thermal modelling using a volumetric heat 

source with an exponential decay distribution 

along the depth of the powder layer 

(Yin et al. 2016) None ANSYS [155] 

Thermo-metallurgical modelling of MAM of 

Ti6Al4V 

(Gockel, Beuth, 

and Taminger 

2014) 

Metallurgical ABAQUS [162] 

Thermo-metallurgical modelling of MAM of 

IN718 + simulation of dendrite’s growth and 

nucleation 

(Nie, Ojo, and 

Li 2014) 

Metallurgical 

/microstructur

al 

ABAQUS [163] 

Investigation of the effect of involved process 

conditions on the metallurgical conditions of 

IN718 parts made with EBM 

(Raghavan et al. 

2016) 
Metallurgical 

Truchas 

code 
[164] 

Simulating the grain growth direction in multi-

layer L-PBF of Ti6Al4V 
(Yin et al. 2018) Metallurgical 

Coded in 

Matlab 
[166] 

Multilayer simulation of MAM of 316-L 

stainless steel + study the effect of heat 

accumulation on the dendrite sizes 

(Manvatkar et 

al. 2011) 
Metallurgical 

FVM-

based in-

house code 

[131] 
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Thermo-metallurgical modelling of MAM of 

Ti6Al4V using analytical solution 

(Bontha et al. 

2009) 
Metallurgical 

In-house 

code with 

Matlab 

[167] 

Thermo-metallurgical modelling of L-PBF of 

IN718 + parametric study on the role of process 

conditions on the columnar-to-equiaxed grain 

transition 

(Plotkowski, 

Kirka, and Babu 

2017) 

Metallurgical 
In-house 

code 
[168] 

Thermo-metallurgical modelling of DED of 

316-L stainless steel using semi-analytical 

solution 

(Huang et al. 

2019) 
Metallurgical 

In-house 

code 
[170] 

Thermo-mechanical modelling of multi-layer L-

PBF of 316-L stainless steel 

(Yingli Li et al. 

2018) 
Mechanical ANSYS [176] 

Thermo-mechanical modelling of 3-layer L-

PBF of IN718 + study on the influence of 

different scanning patterns on the final residual 

stresses 

(Cheng, 

Shrestha, and 

Chou 2016) 

Mechanical ABAQUS [177] 

Thermo-mechanical modelling of a single-layer 

multi-track L-PBF of Ti6Al4V  

(Parry, 

Ashcroft, and 

Wildman 2016) 

Mechanical ABAQUS [178] 

Thermo-metallurgical-mechanical modelling of 

L-PBF of Ti6Al4V + accounting for solid state 

phase transformation 

(P. Tan et al. 

2019) 

Mechanical/ 

Metallurgical 
ANSYS [179] 

Thermo-mechanical modelling of L-PBF of 

Ti6Al4V + study on the effect of different 

overlapping distances on the residual stress 

formation 

(C. Chen et al. 

2019) 
Mechanical ANSYS [180] 

Thermo-mechanical modelling of DED of 316-

L stainless steel and mild steel + study the 

impact of process parameters on the residual 

stress formation 

(Farahmand and 

Kovacevic 

2014) 

Mechanical ANSYS [174] 
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Thermo-mechanical modelling of double-track 

L-PBF of 316-L stainless steel 

(Hussein et al. 

2013) 
Mechanical ANSYS [171] 

Thermo-mechanical modelling of L-PBF of 

AlSi10Mg + study on the impact of spot-on 

time on the residual stress magnitude 

(J. Wu, Wang, 

and An 2017) 
Mechanical ABAQUS [172] 

Thermo-mechanical modelling of L-PBF of Ni-

Ti shape memory alloy 

(Gu and He 

2016) 
Mechanical ANSYS [173] 

Thanks to the increase in computational resources, several researchers attempted to model the 

thermo-mechanical conditions in MAM involving multiple layers and tracks to study the 

impact of different scanning patterns on the final deformations. Although these meso-scale 

multilayer models involve several tracks and layers, their computational domain is still fairly 

simple [181], [182] and cannot be applied to real size samples which can sometimes contain 

thousands of layers. An example of such models, is the work by Li et al. [176] who simulated 

the thermo-mechanical conditions of L-PBF of iron and noticed that the z-direction normal 

residual stresses increases with the increase in the number of layers. In their study they also 

considered the material shrinkage due to powder-to-liquid transition. Cheng, Shrestha and 

Chou [177] developed a FEM-based thermo-mechanical model for a three-layer L-PBF process 

of IN718. They used a volumetric heat source with a parabolic distribution along the z-

direction and later on investigated the influence of 8 different scanning patterns on the final 

residual stresses formed in the sample. They observed that the out-in scanning pattern causes 

the highest residual stress level while the 45˚ pattern, causes the lowest level of the residual 

stresses. Parry et al. [178] developed a similar model for a multi-track single layer L-PBF of 

Ti6Al4V. They used Goldak’s double ellipsoid heat source for their thermal model. 

Furthermore, they found that higher residual stresses form along the scanning tracks, due to 

higher longitudinal temperature gradients. Tan et al. [179] went one step further and took the 

effect of the solid state phase transformation (SSPT)  on the residual stresses during L-PBF of 

Ti6Al4V into account. They found that including SSPT leads to lower magnitudes of tensile 

stresses while causing a higher magnitude of compressive stresses. Chen et al. [180] studied 

the impact of different overlapping distances during the L-PBF of Ti6Al4V using a FEM-based 

thermo-mechanical model. They suggest that 25-50 % of overlapping is beneficial for island 

scanning patterns, as it causes remelting that causes smaller high-stress regions. However, by 

using a higher overlap, they showed that the remelting zone decreases, leading to bigger high-

stress regions. Baily et al. [183] used a one-way coupled multiphysics approach for predicting 

the residual stresses during DED of H13 tool steel. They first found the track profile via an 

advanced CFD model and then used the outputs of this model, such as the profile shape, 

temperature, etc. for determining the stresses in a subsequent mechanical model. 
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2.2.2. Thermo-fluid and multiphysics models 

In this category of models, unlike the pure conduction models, the coupled fields of velocity 

vector and pressure are determined along with the temperature field. As such, these models are 

more complicated than the pure conduction models, as at least 4 additional variables are to be 

solved for. These models can become even further complicated by the inclusion of surface 

tracking methods such as Volume-Of-Fluid (VOF) or Level Set (LS). As these models account 

for major fluid dynamics forces and involve more physical phenomena, they yield more 

realistic temperature fields, when compared to pure conduction models. 

In general, there are three types of thermo-fluid models for MAM processes, depending on 

how the surface of the melt pool is treated. These three types of models are schematically 

shown in Figure 2-6 (a)-(c) 

 

Figure 2-6. Different categories of thermo-fluid models with: (a) flat surfaces (non-deformable), (b) small 

deformations and (c) large deformations capable of capturing the keyhole formation and keyhole-induced 

porosities. 

These thermo-fluid models, according to Figure 2-6, can be subdivided into three types of 

simulations with a flat and non-deformable free surface, with small surface deformation and 

with large surface deformations. In the first category, only the thermo-capillary effect is 

accounted for and capillarity and the recoil pressure are neglected, see Figure 2-6 (a). As 

thermo-capillarity is a major fluid dynamics force in the fusion processes such as welding and 

MAM, taking it into account would improve the accuracy of the results to a large extent. 

However, as this type of models does not involve a surface-tracking algorithm, it cannot 

capture the meso-structure of the powder particles. In these models, in a similar manner to the 

pure conduction models, the powder layer is assumed to be a continuum with averaged thermo-

physical properties. 
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An example of flat-surface thermo-fluid models is developed by the Debroy research group. 

In one of the earliest works of this research group, He et al. [184] developed a FVM-based 2D-

axissymmetric model for the prediction of the thermal conditions inside a melt pool during 

spot welding of stainless steel 304. In their model, they considered both the Marangoni and the 

buoyancy effects and they eventually proved that the latter force has a minimal effect on the 

melt pool conditions as the melt pool Grashof’s number was found to be negligible. In a later 

work, Manvatkar, De and Debroy [185] developed a 3D FVM-based thermo-fluid model of 

the DED process of 316-L stainless steel. This model is basically a modification of the model 

that had been previously developed by the same authors [131] which did not involve fluid flow. 

They also found that due to the evolution of the residual heat, new melt pools were larger while 

having lower solidification cooling rates. In a recent work and from the same research group, 

Mukherjee et al. [186] developed a 3D FVM-based thermo-fluid model involving average 

thermo-physical properties for the powder layer for the L-PBF process of several alloys. In a 

later work, Mukherjee et al. [187] used this model to investigate the influence of major input 

process parameters on important solidification parameters such as the cooling rate and 

dendrite’s arm spacing. They applied the model to IN718, stainless steel 316-L, Ti6Al4V and 

AlSi10Mg and reported that the cooling rate converges to a steady value after scanning three 

adjacent tracks. In a more recent work by the same research group, Mukherjee and Debroy 

[188] applied this model to a multilayer L-PBF and developed a dimensionless number, called 

the lack-of-fusion number that was based on data from literature. They further studied the role 

of the Marangoni effect on the lack-of-fusion porosity evolution and found that the Marangoni 

effect is beneficial for the reduction of the lack-of-fusion porosities. Zhang et al. [189] 

developed a FEM-based thermo-fluid model for the L-PBF process of IN718 and they also 

assumed a flat surface for the melt pool in their simulations. They studied the relative strength 

of both the convection and conduction heat fluxes inside the melt pool and showed that the 

convection heat flux is about 10 times larger in terms of magnitude, compared to the 

conduction heat flux. In a recent work, Le and Lo [190] also adopted a similar strategy and 

considered the melt pool surface to be flat. They developed their thermo-fluid model based on 

FVM for the L-PBF process of a high-sulfur CL20ES powder. They found that this powder 

type leads to an inversion of the Marangoni effect, leading to the so-called inverse thermo-

capillarity. However, they mentioned that the model is not accurate at high linear energy 

densities involving high power-to-speed ratios, where the depression becomes deep and hence 

cannot be simulated by the model. The most recent study in this context, belongs to the work 

carried out by Jiang et al. [191] who developed a thermo-fluid model of the DED process of 

NiNbZrCo on Q235 mild steel based on FVM. In their work, they ignored the deposition of 

material and they assumed a flat surface for the melt pool. 

The non-deformable free surface is basically the major drawback of the first category of the 

thermo-fluid models shown in Figure 2-6, as keyholes cannot be predicted, see Figure 2-6 (a). 

In the second category, the thermo-fluid models involve a surface-tracking algorithm that can 

simulate small surface deformations, see Figure 2-6 (b). The majority of this category of 

models belong to the DED process where the track surface becomes convex due to the 

deposition of material [192], [193].  
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Kumar and Roy [194] developed a FVM-based thermo-fluid model of the DED process and 

performed a dimensionless analysis to examine the role of various fluid dynamics forces on 

the clad shape and temperature. They estimated the deposition shape by using a non-

dimensional equation that expresses the free surface of the melt pool. Gan et al. [195] 

developed a CFD model of DED of a cobalt-based alloy on a steel base plate. They considered 

both the capillary and thermo-capillary effects in their model and then used a moving mesh 

approach to find the free surface of the deposition. In a later study, Gan et al. [196] used the 

same model for the simulation of the thermo-fluid conditions of DED of nickel-based alloy on 

cast iron. In their work, they estimated the free surface of the track via minimizing the total 

energy of the top surface of the melt pool. Gan et al. [197] re-implemented their model to 

predict the dilution and re-deposition of sulfur during the DED process. They found that 

depending on the input mass flow rate, different sulfur profiles might occur that highly 

influences the thermo-capillary effect. Zhao et al. [198] simulated the DED process of high-

speed steel on a low-carbon base plate using a CFD model. They implemented a combined 

level set and volume of fluid method for the prediction of the free surface of the tracks. 

Furthermore, it is worth to note that in the mentioned works, the material-addition is modelled 

via a moving Gaussian mass source. However, in reality, the powder particles are injected into 

the melt pool through multiple streams that depending on the nozzle shape can be totally 

different from the simplified Gaussian profile assumed in these works [199], [200]. 

Bellet’s group also used thermo-fluid models with small surface deformation and applied them 

to the L-PBF process. For instance, Chen et al. [201], developed a FEM-based model using LS 

as the surface-tracking method, for the simulation of the L-PBF process of a ceramic material. 

In a later work carried out by the same research group, Queva et al. [202] studied the impact 

of evaporation on the melt pool shape and the thermal conditions. As in their previous work, 

they assumed that the powder layer is a continuum with average thermo-physical properties 

and used a compressible Newtonian formulation to account for the shrinkage of the powder 

layer. They concluded that neglecting the evaporation causes a wider melt pool with higher 

peak temperatures. 

In the third group of meso-scale thermo-fluid models, the implemented surface-tracking 

algorithms can capture the structure of discrete powder particles and can also predict both the 

keyhole and lack-of-fusion porosities. Furthermore, multiphysics models, which are the most 

advanced category of the thermo-fluid models, sometimes involve complex laser-material 

models that can predict the laser rays trajectories due to multiple reflections. They also 

encompass a wide variety of physics and the powder layer for these models is simulated via 

the discrete element method. 

Bauereib, Scharowsky and Korner [203] developed one of the earliest multiphysics models 

related to MAM processes. They modelled the defect formation and evolution during a 

multilayer Electron Beam Melting (EBM) process of Ti6Al4V, using the Lattice Boltzmann 

method, which works based on the collision of the fluid particles. In their 2D simulation, 

despite the fact that the recoil pressure and thermo-capillarity were neglected, they managed 

to find out that small defects in the first layers can evolve into channel-like defects during a 
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multilayer process. Khairallah and Anderson [204] developed a 3D multiphysics model using 

the ALE3D (Arbitrary Lagrangian Eulerian) code developed in Lawrence Livermore National 

Laboratory (LLNL). They dedicated their work to study the role of the scanning speed of the 

laser and surface tension, on the continuity of the tracks during single-track L-PBF process of 

316-L stainless steel. They observed that at high laser speeds, the melt pool breaks into small 

droplets due to the Plateau-Rayleigh instability [205], [206]. As they neglected both the recoil 

pressure and the Marangoni effect in their simulations, they had to keep the laser scanning 

speed sufficiently high in order to avoid conditions required for the keyhole formation. A 

similar strategy was adopted by Shrestha and Chou [207], who developed their model based 

on FVM and for the L-PBF process of IN718 where they also ignored both thermo-capillarity 

and the recoil pressure. Leitz et al. [208] made a FEM-based multiphysics model of the L-PBF 

process of molybdenum and studied the impact of the powder density on the uniformity of 

single tracks. Xia et al. [209] and Yu et al. [210] and Yu et al. [211] developed a FVM-based 

model for studying the evolution of surface porosities that are formed during the L-PBF of 

IN718 and aluminum alloys, respectively. In their simulations, both the thermo-capillary effect 

and the recoil pressure were ignored and their powder layer consisted of a neat arrangement of 

powder particles rather than a random distribution that exists in reality. Xia et al. [209] reported 

that at lower scanning speeds, the free surface of the tracks was smoother without any notable 

porosity, while at a higher scanning speed, the free surface of the tracks was full of open 

surface-porosities. Wang and Zou [212] studied the role of linear energy density on the melting 

pattern of packed powder in the L-PBF of Ti6Al4V. They compared two modes of keyhole 

and conduction for the melt pool regime and observed that in the conduction mode, the grain 

structure is more uniform. It should be emphasized that they also ignored the recoil pressure 

in their simulations. 

Khairallah et al. [213] were basically one of the first ones who developed a multiphysics 

simulation of the L-PBF process accounting for all of the three major interfacial forces, namely 

capillarity, thermo-capillarity and recoil pressure. They used the ALE3D multiphysics code 

for their simulation and they implemented a simplified version of the ray-tracing method as 

their laser-material model. They reported that a depression zone forms at the hotspot location 

of the melt pool due to the evaporation pressure, followed by transition and tail-end zones at 

its rear side. At the same time, Lee and Zhang [214] developed a multiphysics model for the 

L-PBF process of IN718 and they performed an a-priori DEM simulation to find the powder 

particles arrangement after the powder-laying step. They noticed that due to the heat 

accumulation, the melt pool in the second track has a bigger volume. Furthermore, they went 

one step further and determined the solidification cooling rate and then calculated the resultant 

dendrite arm spacing and finally compared those to the values found via experimental 

measurements. Wu et al. [215] adopted a very similar approach and developed a FVM-based 

multiphysics model to study the influence of evaporation and the recoil pressure on the melt 

pool behavior for the L-PBF process of H13 steel. It was found that neglecting evaporation, 

not only leads to higher peak temperatures, but also causes a wider melt pool than observed in 

reality. Yan et al. [216] developed a multiphysics model of the EBM process of Ti6Al4V where 

a physically-informed heat source based on Monte-Carlo simulation was used. They identified 
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main mechanisms of the formation of discontinuous tracks and suggested a low powder layer 

thickness and a higher laser power to avoid discontinuity in the track formation. In a subsequent 

work, Yan et al. [217] used their previous model to understand the effect of different scanning 

strategies on the void formation during the EBM process of Ti6Al4V. They showed that the 

layer-wise interlace scan pattern leads to lower void formation compared to the rotated scan 

pattern that can cause void formation at the center of the tracks. 

In recent years, researchers have put their efforts to implement the multiphysics models for the 

prediction of the process-induced porosity formation and evolution during MAM. An example 

of this is the research output form Tang’s group [218]–[222]. They developed several 

multiphysics numerical models for the L-PBF process of 316-L stainless steel using FVM. 

Tang et al. [222] implemented their model for the prediction of the keyhole-induced porosity 

during high-power L-PBF. They found that the track profile from the previously manufactured 

layer plays a decisive role on the shape and morphology of the subsequent layers. In a later 

study by the same research group, Tang, Le and Wang [221], implemented the same model but 

this time for the prediction of the humping formation during the L-PBF process. They observed 

via both numerical modelling and experimental investigation that at a constant linear energy 

density, humping formation is promoted, at higher laser scan speeds. From the same research 

group, Le, Tang and Wong [223] developed a similar numerical model for studying the 

possibility of the formation of the keyhole-induced porosities under different keyhole regimes. 

They found out that the wall-deep keyholes, unlike the medium-deep keyholes, are very 

unstable and this would pave the way for the formation of the keyhole-induced porosities. Cao 

is also one of the researchers in the field who contributed to the multiphysics numerical 

modelling of the L-PBF process [224]–[226]. In one of the works, Cao [224] investigated the 

role of the layer thickness, powder size distribution and the packing density on the track quality 

in 316-L stainless steel samples. 

Qiu et al. [227] studied the surface porosity evolution via both numerical modelling using FVM 

and in-situ experimental observations using high-speed camera. They concluded that via using 

a high laser power and small layer thickness, one can expand the processing window for the 

manufacturing of dense parts. Yuan et al. [228] investigated the stability of the melt pool during 

the L-PBF process of 316-L stainless steel. They were able to show that at high laser speeds of 

2.5 m.s-1, the melt track breaks into small separated droplets, due to unstable melt pool regime. 

At the laser speed of 1.3 m.s-1, they observed necking of the melt track as the melt pool entered 

the transition regime. They finally showed that if the laser speed is kept below 0.8 m.s-1, a 

uniform track is formed, due to a stable melt pool. Tseng and Li [229] developed a FVM-based 

multiphysics model and elaborated on the role of the three major interfacial forces on the melt 

pool’s thermo-fluid conditions. Kouraytem et al. [230] modified the FEM-based multiphysics 

model previously developed by Tan et al. [231] for the laser welding process and applied it to 

the L-PBF process of stainless steel 304. They managed to identify different keyhole shapes 

via both the multiphysics simulations and online monitoring of the melt pool using dynamic 

X-ray radiography. Even though the majority of the multiphysics models are based on FVM 

and FEM, some researchers adopted another methodologies for their simulations.  For 
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example, Zheng et al. [232] developed a multiphysics simulation of the L-PBF process of 316-

L stainless steel using the Lattice-Boltzmann method. They managed to model the two extreme 

cases of keyhole formation and the balling effect, caused by very low and high scanning speed, 

respectively. In the follow-up work, Zheng et al. [233], implemented their LBM-based model 

to study the pulsed L-PBF process and observed that in the pulsed L-PBF process, fish-like 

surface patterns form on the free surface of the tracks. Shibai et al. [234] used Smoothed 

Particle Hydrodynamics (SPH) to simulate the thermal conditions in the L-PBF process. In this 

work, they studied the role of surface tension on the surface morphology of the tracks produced 

via L-PBF. Table 2-2 gives an overview of the thermo-fluid models in literature for MAM 

processes 

 

Table 2-2. Summary of thermo-fluid and multiphysics simulations and their highlights for the MAM processes. 

FT, SSD and LSD stand for flat surface, small surface deformation and large surface deformation, respectively. 

FVM, FEM, LBM and SPH stand for finite volume method, finite element method, Lattice Boltzmann method 

and smoothed particles hydrodynamics. 

Topic and highlights Authors Physics Software Reference 

2D-axissymmetric thermo-fluid modelling of 

spot welding of 304 stainless steel using in-

house FVM-based code 

(He, Fuerschbach, 

and DebRoy 

2003) 

FT/ Mar 

In-house 

code - 

FVM 

[184] 

3D thermo-fluid-metallurgical simulation of 

multi-layer DED of 316-L stainless steel + 

study the role of residual heat on the dendrite 

spacing 

(V. Manvatkar, 

De, and Debroy 

2014) 

FT/ Mar 

In-house 

code - 

FVM 

[185] 

3D thermo-fluid modelling of L-PBF of 316-L, 

AlSi10Mg, Ti6Al4V and IN718 using OPD-

based volumetric heat source  

(Mukherjee et al. 

2018a) 
FT/ Mar 

In-house 

code - 

FVM 

[186] 

3D thermo-fluid-metallurgical modelling of L-

PBF of 316-L, AlSi10Mg, Ti6Al4V and IN718 

+ study of the evolution of dendritic arm 

spacing in the subsequent tracks 

(Mukherjee et al. 

2018b) 
FT/ Mar 

In-house 

code - 

FVM 

[187] 

3D thermo-fluid modelling of L-PBF of 316-L, 

AlSi10Mg, Ti6Al4V and IN718 + study on the 

formation of the lack-of-fusion porosity  

(Mukherjee and 

DebRoy 2018) 
FT/ Mar 

In-house 

code – 

FVM 

[188] 

3D thermo-fluid modelling of L-PBF of IN718 

+ comparison between the conduction and 

(D. Zhang et al. 

2018) 
FT/ Mar 

COMSOL 

Multiphysi

cs 

[189] 
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convection heat flux magnitudes within the melt 

pool 

3D thermo-fluid modelling of L-PBF of 

CL20ES powder + investigation of the impact 

of the process parameters on the melt pool 

shape 

(T. N. Le and Lo 

2019) 
FT/ Mar 

ANSYS 

Fluent 
[190] 

3D thermo-fluid modelling of DED of 

NiNbZrCo powder on Q235 mild steel 
(Jiang et al. 2020) FT/ Mar 

ANSYS 

Fluent 
[191] 

3D dimensionless thermo-fluid modelling of the 

DED process 

(Kumar and Roy 

2009) 

SSD/ Mar, 

Cap 

In-house 

code - 

FVM 

[194] 

3D thermo-fluid modelling of DED of nickel-

based alloy on cast iron  

(Gan, Liu, et al. 

2017) 

SSD/ Mar, 

Cap 
n. a. [196] 

3D thermo-fluid-metallurgical modelling of 

DED of cobalt-based alloy on steel plate + 

analysis of dendritic arm spacing in the multi-

layer process 

(Gan, Yu, et al. 

2017a) 

SSD/ Mar, 

Cap 

COMSOL 

Multiphysi

cs 

[195] 

3D thermo-fluid modelling of DED of sulfur-

cobalt and sulfur-iron alloys + study the effect 

of different mass flow rates on the redistribution 

of sulfur 

(Gan, Yu, et al. 

2017b) 

SSD/ Mar, 

Cap 

COMSOL 

Multiphysi

cs 

[197] 

3D thermo-fluid-metallurgical modelling of 

DED of T15 and T16/CeO2 powders on low 

carbon plate using combined level set volume of 

fluid method 

(J. Zhao et al. 

2020) 

SSD/ Mar, 

Cap 
n. a. [198] 

3D thermo-fluid modelling of L-PBF of ceramic 

material using level set 

(Qiang Chen et al. 

2018) 

SSD/ Mar, 

Cap 

In-house 

code – 

FEM 

[201] 

3D thermo-fluid modelling of L-PBF of 

Ti6Al4V and IN718 using level set + study the 

impact of the evaporation pressure on the melt 

pool 

(Queva et al. 

2020) 

SSD/ Mar, 

Cap, Recoil 

In-house 

code – 

FEM 

[202] 
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2D thermo-fluid modelling of multi-layer EBM 

of Ti6Al4V + study the evolution of pores and 

defects 

(Bauereiß, 

Scharowsky, and 

Körner 2014) 

LSD/ Mar, 

Cap, Recoil 

In-house 

code – 

LBM 

[203] 

3D thermo-fluid modelling of L-PBF of 316-L 

stainless steel + study on the balling effect and 

the Plateau-Rayleigh instability 

(Khairallah and 

Anderson 2014) 
LSD/ Cap 

ALE3D – 

FEM 
[204] 

3D thermo-fluid modelling of L-PBF of IN718 
(Shrestha and 

Chou 2018) 
LSD/ Cap 

ANSYS 

Fluent 
[207] 

3D thermo-fluid modelling of L-PBF of 

Molybdenum + study the impact of powder 

packing density on single tracks 

(Leitz et al. 2018) LSD/ - 

COMSOL 

Multiphysi

cs 

[208] 

3D thermo-fluid modelling of L-PBF of IN718 

+ investigation of the evolution of surface 

porosity 

(Xia et al. 2017; 

Yu, Shi, et al. 

2016) 

LSD/ Mar, 

Cap, Recoil 

ANSYS 

Fluent 
[209], [210] 

3D thermo-fluid modelling of L-PBF of 

aluminum alloy + investigation of the evolution 

of the surface morphology 

(Yu, Gu, et al. 

2016) 

LSD/ Mar, 

Cap 

ANSYS 

Fluent 
[211] 

3D thermo-fluid modelling of L-PBF of 

Ti6Al4V powder + comparison between the 

melting modes of conduction and keyhole 

conditions 

(Wang and Zou 

2019) 

LSD/ Mar, 

Cap 
Flow-3D [212] 

3D multiphysics modelling of L-PBF of 316-L 

stainless steel + inclusion of a simplified 

version of multiple reflection 

(Khairallah et al. 

2016) 

LSD/ Mar, 

Cap, Recoil 

ALE3D – 

FEM 
[213] 

3D multiphysics modelling of L-PBF of IN718 

+ determining the dendritic arm spacing via a 

metallurgical model + DEM simulation of the 

powder layer 

(Lee and Zhang 

2016) 

LSD/ Mar, 

Cap, Recoil 
Flow-3D [214] 

3D multiphysics modelling of L-PBF of H13 

steel + study on the impact of the evaporation 

on the melt pool conditions + DEM simulation 

of the powder layer 

(Y. C. Wu et al. 

2018) 

LSD/ Mar, 

Cap, Recoil 
Flow-3D [215] 
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3D multiphysics modelling of EBM of Ti6Al4V 

+ study on the balling effect 
(Yan et al. 2017) 

LSD/ Mar, 

Cap 
Flow-3D [216] 

3D multiphysics modelling of multi-layer EBM 

of Ti6Al4V + study on the formation of lack-of-

fusion porosities 

(Yan et al. 2018) 
LSD/ Mar, 

Cap 
Flow-3D [217] 

3D thermo-fluid modelling of L-PBF of 316-L 

stainless steel + comparison of keyhole and 

conduction regimes 

(J. L. Tan, Tang, 

and Wong 2018b; 

Jie Lun Tan, 

Tang, and Wong 

2018; J. L. Tan, 

Tang, and Wong 

2018a) 

LSD/ Mar, 

Cap, Recoil 

Open 

FOAM 
[218]–[220] 

3D multiphysics modelling of L-PBF of 316-L 

stainless steel + analysis of the keyhole regime 

and keyhole-induced porosities 

(Tang, Tan, and 

Wong 2018) 

LSD/ Mar, 

Cap, Recoil 

Open 

FOAM 
[222] 

3D multiphysics modelling of L-PBF of 316-L 

stainless steel + analysis of humping formation  

(Tang, Le, and 

Wong 2020) 

LSD/ Mar, 

Cap, Recoil 

Open 

FOAM 
[221] 

3D multiphysics modelling of L-PBF of 316-L 

stainless steel + analysis and comparison of 

different keyhole regimes 

(K. Q. Le, Tang, 

and Wong 2019) 

LSD/ Mar, 

Cap, Recoil 

Open 

FOAM 
[223] 

3D multiphysics modelling of L-PBF of 316-L 

stainless steel + study on the influence of 

powder packing density and size distribution on 

the tracks 

(Cao 2019) 
LSD/ Mar, 

Cap, Recoil 

Open 

FOAM 
[224] 

3D multiphysics modelling of spatter formation 

and surface porosity during L-PBF of Ti6Al4V 

(Qiu et al. 2015; 

Panwisawas et al. 

2015) 

LSD/ Mar, 

Cap, Recoil 

Open 

FOAM 
[227], [235] 

3D multiphysics modelling of melt pool 

stability during the L-PBF of 316-L stainless 

steel 

(W. Yuan et al. 

2020) 

LSD/ Mar, 

Cap, Recoil 

ANSYS 

Fluent 
[228] 

3D multiphysics modelling of keyhole 

formation at different laser speeds during L-

PBF of 304 stainless steel using level set 

(Kouraytem et al. 

2019) 

LSD/ Mar, 

Cap, Recoil 

FEM-

based code 

[231] 

[230] 
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3D multiphysics modelling of defect formation 

and evolution during L-PBF of 316-L stainless 

steel 

(Zheng, Wei, 

Chen, Zhang, 

Zhong, et al. 

2019) 

LSD/ Mar, 

Cap, Recoil 

In-house 

code – 

LBM 

[232] 

3D multiphysics modelling of melt pool during 

pulsed L-PBF of 316-L stainless steel 

(Zheng, Wei, 

Chen, Zhang, Li, 

et al. 2019) 

LSD/ Mar, 

Cap, Recoil 

In-house 

code – 

LBM 

[233] 

2D thermo-fluid model of L-PBF of 304 

stainless steel 

(Shibai Liu et al. 

2019) 

LSD/ Mar, 

Cap 

In-house 

code – 

SPH 

[234] 

2.3. Part-scale simulations 

Since the meso-scale simulations are used for understanding local behavior of the melt pool, 

they are well-suited for studying very small samples containing few tracks and layers [182]. In 

both the thermo-fluid and meso-scale thermo-mechanical models, the mesh configuration is 

set in such a way that it can capture the movement of the laser beam and its subsequent thermal 

conditions. In this respect, as the laser beam size is very small, the mesh should also be 

sufficiently fine in order to resolve the moving heat source with a good resolution. However, 

due to the very high computational requirements for these types of models [236], they cannot 

be applied for analyzing the thermal or mechanical behavior of part-scale samples. Thus, 

researchers in this field have come up with new methodologies that enable part-scale analysis 

of the MAM processes. Figure 2-7 schematically shows four of the most well-established part-

scale simulation techniques that have been used for simulating the thermal or mechanical 

conditions of MAM. 
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Figure 2-7. Different part-scale modelling techniques: (a) Agglomerated heat sources (AG), (b) multi-scaling laws 

(MS), (c) flash heating (FH) and (d) inherent strain (IS). 

One of these techniques is the agglomeration heat source method (AG) that enables part-scale 

thermo-mechanical modelling of the process. In the AG method, according to its name, an 

enlarged moving heat source is used that is supposed to capture the effect of the scanning and 

melting of several hatches [237]. This method was first developed by Hodge et al. [237]. In 

their model, it was assumed that the agglomerated heat source has a diameter, which is 20 

times bigger than the one for the actual laser beam. Furthermore, they assumed that the 

agglomerated heat source moves with the same speed as the laser beam in reality. Moreover, 

they also combined 20 layers into one single meta-layer which had a thickness of 1 mm. Hodge 

et al. [237] applied the AG technique to three case studies of vertical and horizontal prisms and 

an L-shaped sample and then compared their results with corresponding experimental 

measurements. Ganeriwala et al. [238] also applied the AG method for analyzing the thermo-

mechanical conditions during L-PBF of a bridge-like component. In their study, they also 

assumed that the agglomerated heat source has the same speed as the laser beam does in reality. 

Multi-scaling (MS) laws, shown in Figure 2-7 (b), are another methodology that can be used 

for simulating the part-scale mechanical conditions for MAM. This methodology requires 

development of different model scales. More specifically, certain outputs from the lower-

dimension models, e.g. temperature, stress, etc. are used as inputs for the macro-scale model 

[239], [240]. Li et al. [241] introduced an MS technique that involved the development of three 

scales of models, namely, micro-scale, hatch-scale and macro-scale. In their mirco-scale 

model, a meso-scale thermal simulation was carried out and subsequently, based on the 
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temperature data from this model, an equivalent heat source was developed in their hatch-scale 

model. Then, a thermo-mechanical simulation was conducted in the hatch-scale model for 

finding the averaged residual stress components. Finally, the calculated residual stress 

components were mapped into the final part geometry belonging to the macro-scale model 

where a mechanical simulation was performed to find the final stress distribution and 

deflections. Gouge et al. [242] introduced a MS technique that involved a micro-scale and a 

subsequent part-scale model. The micro-scale model was basically a meso-scale thermo-

mechanical simulation where variables such as temperature, stress, strain, distortion were its 

outputs. Then in the part-scale model, in the mechanical analysis, the mechanical information 

from the micro-scale model were mapped into the part-scale mesh. Unlike Li et al. [241], 

Gouge et al. [242] not only mapped these variables onto the part-scale model, but also updated 

both the temperature and the stress fields using an equivalent thermal boundary condition. 

They used an H-Octree mesh [122] which combines 8 neighboring elements into one element, 

leading to a reduction of the number of elements by a factor of 13, when two levels of mesh-

adaptivity was used. 

Flash Heating (FH) is another methodology that enables the part-scale thermo-mechanical 

simulation for MAM (especially L-PBF) processes. In this methodology, a certain number of 

layers are merged into a bigger layer, called meta-layer, which is subsequently heated up by 

means of either a volumetric heat source or a heat flux, upon activation. Zaeh et al. [243] used 

the FH technique for the prediction of residual stress distribution during the L-PBF of a 

cantilever beam made of tool steel 1.2709. In their simulations, a meta-layer thickness of 1 mm 

was used. Prabhakar et al. [244] also used the FH method for modelling the thermo-mechanical 

conditions during the EBM process of 6 coupons made of IN718. They used a layer-by-layer 

approach with a meta-layer thickness of 700 µm. They reported that the FH heating is unable 

to predict the effect of the scanning pattern on the residual stress distribution. In a recent study, 

Zhang et al. [245] developed a FEM-based 2D thermo-mechanical model of the L-PBF process 

based on FH. They carried out a parametric study to investigate the impact of different process 

conditions as well as the flash heating time on the temperature field and the stress distribution. 

They found that the flash heating time has a minimal effect on the thermo-mechanical 

conditions while the cooling time between each layer deposition was found to have the most 

significant impact. Chiumenti et al. [246] used a different version of the FH method that 

involves very long exposure times. They used this model for simulating the thermal conditions 

in part-scale geometries during the L-PBF process. Even though they predicted peak 

temperatures to be much lower than the ones in the real process, they managed to correctly 

predict the temperature at the depth of their experimental samples. In a later work, Lu et al. 

[247] modified Chiumenti’s model [246] and used a short exposure time for the FH technique 

for their thermo-mechanical analysis of the DED process of an S-shaped sample. Williams et 

al. [248], however, rather than heating up the metal-layers using the original procedure in the 

FH method, assigned melting temperature to their meta-layers upon their activation. They 

studied the influence of different meta-layer thicknesses on the final distortion of the parts. 
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The Inherent Strain (IS) method, as the last part-scale technique shown in Figure 2-7 (d), is 

one of the most widely-used techniques for modelling the mechanical conditions during fusion 

processes. This method, which is in essence a mechanical simulation, was first developed by 

Ueda et al. [249] for modelling the distortions during welding processes. In this method, 

according to Figure 2-7 (d), first a meso-scale thermo-mechanical simulation is done for 

determining the inherent strain components. Then the calculated inherent strain component is 

mapped into the part-scale mechanical model for simulating the deformations and residual 

stresses [250], [251]. Liang et al. [252] used a modified inherent strain method for modelling 

the distortions during the DED process. They first calculated the inherent strain from a detailed 

simulation and then applied this strain to the structure to predict the final distortions, using a 

static mechanical model. From the same research group, Chen et al. [253] also used the same 

methodology for the prediction of part-scale deformations during direct laser metal sintering 

of IN718, while they mapped anisotropic inherent strains determined from detailed simulation 

to the part-scale model. Table 2-3 lists a summary of the part-scale models in the field of MAM. 

Table 2-3.  Summary of part-scale thermo-mechanical simulations of the MAM processes. 

Topic and highlights Authors Method Software Reference 

Part-scale thermo-mechanical modelling of L-PBF of 

316-L samples + experimental validation of vertical 

and horizontal prisms and an L-shape sample 

(Hodge, 

Ferencz, and 

Vignes 2016) 

AG 
Diablo 

[254] 
[237] 

Part-scale thermo-mechanical modelling of L-PBF of 

Ti6Al4V sample + analysis of rate-independent, 

viscoplastic and viscoelastic material models 

(Ganeriwala et 

al. 2019) 
AG 

Diablo 

[254] 
[238] 

Part-scale simulation of thermal and mechanical 

conditions via development of micro, meso and macro-

scale models 

(C. Li et al. 

2017; Chao Li 

et al. 2018; C. 

Li, Liu, and Guo 

2016) 

MS ABAQUS [239]–[241] 

Part-scale thermo-mechanical modelling of industrial 

components made of IN625, IN718 and AlSi10Mg + 

adaptive remeshing technique 

(Gouge et al. 

2019) 
MS 

Pan Solver 

(Autodesk) 
[242] 

Thermo-mechanical modelling of L-PBF of cantilever 

beam made of 1.2709 tool steel 

(Zaeh and 

Branner 2010) 
FH ANSYS [243] 
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Part-scale thermo-mechanical modelling of EBM of 

coupons made of IN718 

(Prabhakar et al. 

2015) 
FH ABAQUS [244] 

2D thermo-mechanical modelling of L-PBF of 

Ti6Al4V samples + study on the impact of different 

flash-heating times on the stress field 

(W. Zhang, 

Tong, and 

Harrison 2019) 

FH ABAQUS [245] 

Part-scale thermo-mechanical modelling of DED of S-

shape and rectangular samples made of Ti6Al4V 
(Lu et al. 2019) FH 

Comet 

[255] 
[247] 

Part-scale thermo-mechanical modelling of L-PBF of 

IN718 and stainless steel 316-L + activation of layers 

with predefined initial melt temperature 

(Williams, 

Davies, and 

Hooper 2018) 

FH ABAQUS [248] 

Part-scale mechanical modelling of DED of single-

walled structures made of Ti6Al4V 

(Liang et al. 

2018) 
IS ANSYS [252] 

Part-scale mechanical modelling of direct metal laser 

sintering of a double cantilever and a canonical part 

made of IN718 

(Qian Chen et 

al. 2019) 
IS ANSYS [253] 

2.4. Conclusion 

Even though a significant amount of research is already carried out on the modelling and 

simulation of the MAM processes, there are still some potential areas belonging to this field 

that have not yet been thoroughly investigated. Accordingly, in this thesis, the following 

contributions have been made to bridge the gap in the MAM literature, based on the three 

investigation groups previously introduced in chapter 1.  

G
ro

u
p

 -
 A

 

 Study on the influence of major input process parameters on the thermo-fluid-

metallurgical conditions during the L-PBF process (PAPER-I) 

 Modelling of the lack-of-fusion porosity formation and evolution during multi-

layer and multi-track L-PBF process (PAPER-II) 

 Simulation of the formation of keyhole and keyhole-induced porosities during 

high-intensity L-PBF (PAPER-III) 

 Multiphysics simulation of the DED process and studying the role of powder 

stream velocity on the thermo-fluid conditions inside the melt pool (PAPER-

IV) 
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 Fundamental analysis on the impact of positive and inverse thermo-capillarity 

on the melt pool thermo-fluid conditions (PAPER-V) 

G
ro

u
p

 -
 C

 

 Part-scale thermo-mechanical modelling of the L-PBF process: implementation 

and analysis of the sequential flash heating method (PAPER-VI) 
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3. Theory and methodologies 

In the first part of this chapter, the different governing partial differential equations that are 

used for the simulations throughout out this thesis, along with their boundary conditions, are 

presented. These entail heat transfer, equations of motion for fluids and particles, static force 

equilibrium and discrete element method formulations. In the second part of the chapter, 

different methodologies that are used for the meso-scale simulations such as multilayer 

modelling of L-PBF, metallurgical analysis, and the calculation of the melt pool average 

Nusselt number are given. This is then followed by the sequential flash heating technique that 

enables part-scale thermo-mechanical simulation of MAM. 

3.1. Heat transfer 

The spatial and temporal distribution of the temperature field is determined via solving the 

transient heat balance equation 

𝜌 [
∂ℎ

∂𝑡
+ (𝐮 ∙ 𝛁)ℎ] = 𝛁 ∙ (𝑘 𝛁𝑇) + �̇�Ɐ

′′′. (3-1) 

In this equation, ρ (kg.m-3) is density and k (W.m-1.K-1) is the thermal conductivity. The last 

term in eq. (3-1), QⱯ (W.m-3) is the volumetric heat source due to the laser beam energy. u 

(m.s-1) is the velocity field in eq. (3-1) and h (J.kg-1) is enthalpy which is defined as 

ℎ (𝑇) = ℎ𝑟𝑒𝑓 +∫ 𝐶𝑝(𝑇) d𝑇
𝑇

𝑇𝑟𝑒𝑓

+ 𝛥𝐻𝑠𝑙 ∙ 𝑓𝑙𝑖𝑞 , (3-2) 

in eq. (3-2), ΔHsl (J.kg-1) is the latent heat of fusion and href (J.kg-1) is the enthalpy at the 

reference temperature which is assumed to be the room temperature. Throughout this thesis, it 

is assumed that the liquid fraction of the metal, fliq (-), is a linear function of temperature during 

the phase change process 
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𝑓𝑙𝑖𝑞 = 

{
 
 

 
 

 
 
 
 
 
 

 

0 𝑇 < 𝑇𝑠𝑜𝑙 

(3-3) 
𝑇 − 𝑇𝑠𝑜𝑙
𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙

 𝑇𝑠𝑜𝑙 ≤ 𝑇 ≤ 𝑇𝑙𝑖𝑞, 

1 𝑇 > 𝑇𝑙𝑖𝑞 

where Tsol (K) and Tliq (K) in eq. (3-3) are the solidus and liquidus temperatures, respectively. 

Moreover, in this work, it is assumed that the major thermo-physical properties e.g. density, 

the specific heat capacity and thermal conductivity, are averaged during the phase change 

process 

𝜌 = 𝜌𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝜌𝑙𝑖𝑞𝑓𝑙𝑖𝑞 , (3-4) 

𝐶𝑝 =
𝜌𝑠𝑜𝑙𝐶𝑝,𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝜌𝑙𝑖𝑞𝐶𝑝,𝑙𝑖𝑞𝑓𝑙𝑖𝑞

𝜌𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝜌𝑙𝑖𝑞𝑓𝑙𝑖𝑞
, (3-5) 

𝑘 = 𝑘𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝑘𝑙𝑖𝑞𝑓𝑙𝑖𝑞 . (3-6) 

Cp (J.kg-1.K-1) is the specific heat capacity in eq. (3-5). Furthermore, it should be noted that the 

summation of the liquid and solid fractions becomes unity for any cell belonging to the 

computational domain 

𝑓𝑙𝑖𝑞 + 𝑓𝑠𝑜𝑙 = 1. (3-7) 

3.1.1. Lumped thermal model 

In the DED process of metals, as was explained in the introduction, the powder particles that 

are ejected from the powder-carrying nozzles, are heated up by means of a laser beam while 

approaching the surface of the base plate. In this thesis, a separate thermal model is developed 

for determining the temperature of the flying powder particles in [Paper – IV], using a lumped 

thermal approximation 
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𝑚𝑝𝐶𝑝
𝑑𝑇𝑝

𝑑𝑡
= ℎ𝑝𝐴𝑝[𝑇𝑠𝑢𝑟𝑟 − 𝑇𝑝] + 휁𝑝𝜆𝐴𝑝[𝑇𝑠𝑢𝑟𝑟

4 − 𝑇𝑝
4] + 𝐴𝑝

′ ∙ 𝑞𝑙𝑎𝑠𝑒𝑟
′′ , (3-8) 

According to eq. (3-8), there is no temperature gradient within a particle, due to the lumped 

assumption. In eq. (3-8), mp (kg) is the mass of the powder particle. The first, second and third 

terms on the right hand side of eq. (3-8), respectively stand for the heat transfer due to 

convection, radiation and laser heat flux. ζp (-) is the surface emissivity of the powder particles 

and λ (W.m-2.K-4) is the Stefan-Boltzmann constant. Ap (m
2) is the total surface area of each 

particle and A’p (m
2) is the projected surface area of the particles, which is observed from the 

heat source, see Figure 3-1. 

 

Figure 3-1. The influence of the laser beam flux on the particles temperature. The projected surface area, A’
p, is 

the area, which is seen by the laser beam. 

3.1.2. Thermal boundary conditions 

The free surface of metal, transfers heat to its surroundings via the three mechanisms of 

convection, radiation and evaporative cooling, while receiving heat from the laser. The 

boundary condition at the free surface of the metal that is exposed to the surroundings can be 

expressed by 

−𝑘
𝜕𝑇

𝜕𝑛
= ℎ𝑠𝑢𝑟𝑟[𝑇 − 𝑇𝑠𝑢𝑟𝑟] + 휁𝜆[𝑇

4 − 𝑇𝑠𝑢𝑟𝑟
4 ] − 𝑞𝑙𝑎𝑠𝑒𝑟

" + 𝑞𝑒𝑣𝑎𝑝
" . (3-9) 
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hsurr (W.m-2.K-1) is the ambient convection heat transfer coefficient and the two last terms in 

eq. (3-9), stand for the heat flux due to the laser beam and the evaporative cooling. 

𝑞𝑒𝑣𝑎𝑝
" =

0.01

√2𝜋𝑅𝑣𝑇
𝑝𝑎𝑡𝑚 ∙ Δ𝐻𝑙𝑣 ∙ exp [ 

Δ𝐻𝑙𝑣
𝑅𝑣 ∙ 𝑇𝑏𝑜𝑖𝑙

. [1 −
𝑇𝑏𝑜𝑖𝑙
𝑇
]]. (3-10) 

Rv (J.kg-1.K-1), ΔHlv (J.kg-1) and Tboil (K) expressed in eq. (3-10), are the gas constant of the 

vaporized metal, latent heat of evaporation and the boiling temperature at the atmospheric 

pressure patm (Pa). In this respect, it is well understood that the heat flux from the surface of 

the melt pool due to convection and evaporation, has a linear and an exponential relationship 

with respect to the surface temperature, respectively. 

3.1.3. Laser-material model 

The laser-material interaction in the MAM processes can be modelled either via a moving 

volumetric heat source, that directly goes into eq. (3-1) or via a moving heat flux, which serves 

as boundary condition in eq. (3-9). In this thesis, both of these strategies were adopted and 

used for the laser-material interaction modelling. Figure 3-2 (a) and (b) show the cylindrical 

and the conico-Gaussian heat sources, respectively.  

 

Figure 3-2. (a) The cylindrical heat source distribution using the optical penetration depth concept. (b) The conico-

Gaussian volumetric heat source developed in [Paper – I]. (c) The ray-tracing method used in [Paper-II] – 

[Paper-V]. 

In [Paper – I], a conico-Gaussian volumetric heat source was developed for modelling the 

laser-material interaction and with the following distribution 
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𝜉 =
𝑧

𝑆
, (3-11) 

�̇�𝑐𝑜𝑛𝑒
′′′ =

2휂 ∙ 𝑃𝑤
𝑂𝑃𝐷 ∙ 𝜋𝑅𝑤

2
𝑒
−
2(𝑥2+𝑦2)

𝑅𝑤
2

∙ 𝜉. (3-12) 

Where Pw (W) and Rw (m) are the input laser power and the effective beam radius of the laser 

beam, which is defined as the radius of which the beam intensity reaches e-2 of its maximum 

level. OPD (m) in eq. (3-12) is the optical penetration depth for the cylindrical heat source and 

ξ (-) is a dimensionless coordinate system that has its origin at the bottom point of the heat 

source, according to Figure 3-2 (b). S (m) is the depth of the conico-Gaussian heat source 

shown in Figure 3-2 (b). In [Paper – I], a linear relationship is derived between OPD and S, 

thus it is only required to find one of them in order to calibrate the model.  

Unlike [Paper – I], where a volumetric heat source was used, in the later meso-scale models 

developed in [Paper – II]-[Paper –V], the heat flux approach together with ray-tracing and 

multiple reflections were implemented for modelling the laser-material interaction. In multiple 

reflection, first, the laser beam is discretized into a finite number of rays, where each one has 

a specific direction and initial energy level. Then each ray is reflected from the free surface of 

the metal after colliding with it, based on the following mirror law. 

The incoming laser ray has an initial direction ei,j, according to eq. (3-13). ni,j stands for the 

normal vector that is perpendicular to the free surface of the metal, see Figure 3-2 (c). The two 

subscripts ( )i and ( )j, are the identity and iteration numbers of rays, respectively. The first 

subscript is a unique number for each laser ray. While the second subscript increases as the 

number of collisions between the ray “i” and the metallic surface increases. Furthermore, each 

laser beam has an initial energy level that will decrease due to the absorption of its energy by 

the metallic domain.  

In the multiple reflection method implemented in [Paper – II]-[Paper –V], the absorptivity is 

assumed to be a function of the surface temperature as well as the angle between the incoming 

ray and the normal to the free surface. 

𝐞𝑖,𝑗+1 = 𝐞𝑖,𝑗 − 2(𝐞𝑖,𝑗 . 𝐧𝑖,𝑗)𝐧𝑖,𝑗 , (3-13) 

휂 = 휂(휃, 𝑇), (3-14) 

휂 = 휂0(𝑇) ∙ cos(휃), (3-15) 



50 

 

In [Paper-II] and [Paper-III], the cosine function expressed in eq. (3-15) and the Fresnel 

absorption function expressed in eq. (3-16) were used as the absorptivity functions, 

respectively. In eqs. (3-14) – (3-16), θ is the angle between the normal of the free surface of 

the metal and the incoming ray, see Figure 3-2 (c). ϵ (-) in eq. (3-16) is a material constant 

related to the electrical conductance [256], [257]. 

3.2. Equations of motion 

3.2.1. Fluid dynamics 

The coupled fields of the velocity vector and pressure inside the melt pool can be determined 

via solving the linear momentum balance equation (Navier-Stokes) along with mass 

conservation  

𝛁 ∙ 𝐮 = 0, (3-17) 

𝜌 [
∂𝐮

∂𝑡
+ (𝐮 ∙ 𝛁)𝐮] = −𝛁𝑝 + 𝜇𝛻2𝐮 −

𝐾𝑐(1 − 𝑓𝑙𝑖𝑞)
2

𝐶𝑘 + 𝑓𝑙𝑖𝑞
3 𝐮 + 𝜌𝐠𝛽[𝑇 − 𝑇𝑟𝑒𝑓]. (3-18) 

Where p (Pa) and µ (Pa.s) are pressure and viscosity, in eq. (3-18), respectively. The third term 

on the right hand side of eq. (3-18) belongs to the solidification drag forces [258]. Kc (kg.m-

3.s-1) and Ck (-) are the Carman-Kozeny constants and are typically in the range of 10e5 to 10e7 

(kg.m-3.s-1) and 10e-5 to 10e-3, respectively [259]–[262]. These forces are supposed to free 

and freeze the motion of the fluid when metal is in the liquid or solid phase, respectively. 

Furthermore, in this thesis, the fluid flow is assumed to be incompressible, which leads to a 

divergence-free velocity field vector in eq. (3-17). Moreover, the flow regime is assumed to be 

laminar in all of the meso-scale models in this work that involve fluid flow. The last term in 

eq. (3-18) is the volumetric force due to the buoyancy effect. In this work, it is assumed that 

the buoyancy force can be found via the Boussinesq approximation. In eq. (3-18), β (K-1) and 

g (m.s-2) are the volumetric thermal expansion coefficient of the fluid and the gravitational 

acceleration, respectively. 

휂 = 1 −
1

2
(
1 + (1 − 𝜖 ∙ cos 휃)2

1 + (1 + 𝜖 ∙ cos 휃)2
+
𝜖2 − 2 ∙ 𝜖 ∙ cos 휃 + 2 ∙ cos2 휃

𝜖2 + 2 ∙ 𝜖 ∙ cos 휃 + 2 ∙ cos2 휃
) (3-16) 
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3.2.2. Particle motion 

The equation of force balance for every individual powder particle is solved in a Lagrangian 

framework to find the location and velocity of each particle during DED in [Paper – IV] [199], 

[263] 

𝑑𝐗𝑝

𝑑𝑡
= 𝐕𝑝, (3-19) 

𝑑𝐕𝑝

𝑑𝑡
= −

3 𝜇𝑎 𝐶𝐷 𝑅𝑒

4 𝜌𝑝 𝐷𝑝2
𝐕𝑝 + 𝐠. (3-20) 

CD (-) in eq. (3-20) is the drag coefficient of the powder particles and µa (Pa.s) is the host 

medium viscosity. This particle motion model is implemented in [Paper – IV] and for tracking 

the location and speed of the incoming powder particles that are being deposited to the base 

plate during DED. 

3.2.3. The triple interfacial forces 

As mentioned in chapter 2, there are three major interfacial forces that highly affect the fluid 

dynamics within the melt pool, which are the recoil pressure, capillarity and the Marangoni 

effect. 

𝜏𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 = [0.54𝑝𝑎𝑡𝑚 exp (
Δ𝐻𝑙𝑣
𝑅𝑣𝑇𝑏𝑜𝑖𝑙

[1 −
𝑇𝑏𝑜𝑖𝑙
𝑇
]) + 𝜎(𝑇) ∙ 𝜅] 𝐧

+ 𝛾[𝛁𝑇 − 𝐧(𝛁𝑇 ∙ 𝐧)]. 

(3-21) 

The first two terms in eq. (3-21) belong to the recoil pressure and capillarity. The third term in 

eq. (3-21) is the force due to the thermo-capillary or Marangoni effect. Figure 3-3 

schematically shows these three forces and one can observe from eq. (3-21) that the recoil 

pressure and the capillary effects, act perpendicularly to the free surface of the liquid metal. 

However, the Marangoni effect, acts tangential to the melt pool free surface, based on eq. (3-

21).  
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Figure 3-3. The schematic view of: (a) the Marangoni effect (with positive sign), (b) the recoil pressure and (c) 

the capillary effect. 

Furthermore, as shown in Figure 3-3, the Marangoni effect in its typical form, causes the liquid 

metal to flow from the hotspot region to the colder rims of the melt pool. In eq. (3-21), κ (m-1) 

is the curvature of the free surface of the melt pool and γ (N.m-1) is the surface tension.  

𝛾 = 𝛾𝑟𝑒𝑓 + 𝛾𝑇
′ [𝑇 − 𝑇𝑟𝑒𝑓]. (3-22) 

In most of the simulations of the MAM and fusion processes, it is assumed that the surface 

tension changes linearly with temperature, as expressed in eq. (3-22). γ ref (N.m-1) is the 

reference surface tension, which is typically measured at the liquidus temperature and γ’T (N.m-

1.K-1) is the coefficient of surface tension (CSF). For most of the alloys and metals, this 

coefficient is negative, however, in some special cases, for example via the addition of surface 

active elements, this coefficient inverts and becomes positive [114]. Moreover, it must be noted 

that in [Paper – II]-[Paper –V], all of these triple forces are included in the model, while in 

[Paper – I], only thermo-capillarity is taken into account, as the free surface of the melt pool 

was assumed to be flat. 

3.2.4. Free surface tracking 

There are different methods that are used for tracking the interface between two phases, e.g. 

phase field (PS), level set (LS), volume of fluid (VOF) and the moving mesh technique [231], 

[257], [264], [265]. The first three methods are usually implemented in models with a fixed 

grid (Eulerian framework), while the last one is used in a deformable grid framework 

(Lagrangian framework). In this thesis, VOF with the split Lagrangian method is used for 

tracking the free surface of the melt pool in [Paper – II]-[Paper –V].  
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∂𝐹

∂𝑡
+ (𝐮 ∙ 𝛁)𝐹 = 0. (3-23) 

In eq. (3-23), F (-) is the phase indicator and an F value of unity implies that the cell is filled 

with fluid (metal), while a zero value for F means that the cell is empty of fluid (metal). An 

intermediate value of F shows the location of the phase interface. 

3.3. Static force equilibrium 

The partial differential equations of force equilibrium along with Hooke’s general law are 

solved in [Paper-VI] for determining the deformation vector and the stress/strain tensors in 

the model. A tensor notation has been used for the representation of the equations for the solid 

mechanical model. 

𝜎𝑖𝑗,𝑗 = 0, (3-24) 

𝜎𝑖𝑗 =
𝐸

1 + 𝑣
[
1

2
(𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘) +

𝑣

1 − 2𝑣
𝛿𝑖𝑗𝛿𝑘𝑙] 휀𝑘𝑙

𝑒𝑙, (3-25) 

and E (Pa) and v (-) are the Young modulus and the Poisson ratio in eq. (3-25), respectively. 

In this thesis it is assumed that the total incremental strain tensor is the sum of the incremental 

thermal, plastic and elastic strain tensors, based on standard linear strain decomposition [266]. 

휀�̇�𝑗
𝑡𝑜𝑡𝑎𝑙 = 휀�̇�𝑗

𝑒𝑙 + 휀�̇�𝑗
𝑝𝑙 + 휀�̇�𝑗

𝑡ℎ + 휀�̇�𝑗
𝑡𝑟 = 휀�̇�𝑗

𝑚𝑒𝑐ℎ + 휀�̇�𝑗
𝑡ℎ + 휀�̇�𝑗

𝑡𝑟 . (3-26) 

According to eq. (3-26), the mechanical strain tensor is in essence the sum of the elastic and 

plastic strain tensors. The incremental plastic strain tensor is defined based on the J2 flow 

theory. 

휀�̇�𝑗
𝑝𝑙 =

9

4
[
1

𝐸𝑡
−
1

𝐸
]
𝑠𝑘𝑙�̇�𝑘𝑙
𝜎𝑒2

𝑠𝑖𝑗. (3-27) 

Et (Pa) and σe (Pa) are the tangent modulus and Von Mises equivalent stress, in eq. (3-27), 

respectively. sij (Pa) is the deviatoric stress tensor which is defined as 
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𝑠𝑖𝑗 = 𝜎𝑖𝑗 −
𝜎𝑘𝑘
3
. (3-28) 

Moreover, the thermal strain is defined as 

휀𝑖𝑗
𝑡ℎ = 𝛼(𝑇)𝛿𝑖𝑗(𝑇 − 𝑇𝑟𝑒𝑓). (3-29) 

Here, α (K-1) is the coefficient of thermal expansion and Tref (K) is the reference temperature. 

Also, in [Paper – VI], a temperature-dependent power-law function is used as the material 

model 

휀𝑚𝑒𝑐ℎ =
𝜎

𝐸
, 𝜎 ≤ 𝜎𝑦𝑖𝑒𝑙𝑑 

 

(3-30) 

휀𝑚𝑒𝑐ℎ =
𝜎𝑦𝑖𝑒𝑙𝑑

𝐸
[
1

𝑟
(

𝜎

𝜎𝑦𝑖𝑒𝑙𝑑
)

𝑟

−
1

𝑟
+ 1]. 𝜎 > 𝜎𝑦𝑖𝑒𝑙𝑑 

 

(3-31) 

According to eqs. (3-30) and (3-31), the mechanical strain is a linear function of stress, when 

the Von Mises stress is below the yield limit σyield (Pa), while the mechanical strain follows a 

power-law function beyond the yield limit. Furthermore, r (-), is the power law index, 

expressed in eq. (3-31). 
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3.4. Discrete element method (DEM) 

In order to obtain the location of each powder particle and the overall powder layer distribution 

during the powder-laying step of the L-PBF process, DEM is used in [Paper-II], [Paper-III] 

and [Paper-V]. The DEM solver used in this thesis accounts for the normal and tangential 

restitutions and the drag forces from the host fluid.  

 

Figure 3-4. (a) Schematic of the collision of two particles in a fluid medium. (b) The free body diagram of the 

two particles during collision [Paper – II]. 

Figure 3-4 (b) shows the free body diagram of two colliding powder particles in the DEM 

solver.  

�⃗�𝑛,𝑖𝑗 = −[𝐾𝑛 ∙ (𝑑𝐿)]𝐧𝑖,𝑗 − 𝜓𝑛[Δ𝐮𝑖,𝑗 ∙ 𝐧𝑖,𝑗]𝐧𝑖,𝑗 (3-32) 

�⃗�𝑡,𝑖𝑗 = −𝜓𝑡[Δ𝐮𝑖,𝑗 − [Δ𝐮𝑖,𝑗 ∙ 𝐧𝑖,𝑗]𝐧𝑖,𝑗] (3-33) 

�⃗�𝑓,𝑖 = −
1

2
𝐶𝐷(𝑅𝑒)|𝐮𝑖 − 𝐮𝑓|

2 (𝐮𝑖 − 𝐮𝑓)

|𝐮𝑖 − 𝐮𝑓|
 (3-34) 

�⃗�𝑡𝑜𝑡,𝑖 = �⃗�𝑛,𝑖𝑗 + �⃗�𝑡,𝑖𝑗 + �⃗�𝑓,𝑖 (3-35) 

The normal and tangential forces expressed in eqs. (3-32) and (3-33), are determined via the 

Hertz and Voigt models, respectively. ψt (N.s.m-1) and ψn (N.s.m-1) are the effective damping 

coefficients in the tangential and normal directions, respectively. Furthermore, Kn (N.m-1) is 

the effective normal spring coefficient, expressed in eq. (3-32). The drag force due to the 

friction with the host fluid is expressed in eq. (3-34), which is a quadratic function of the 

velocity difference between the host fluid and the particle “i”. dL (m) shown in Figure 3-4 and 
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given in eq. (3-32), is the overlap distance due to the collision of two particles. The spring and 

damping coefficients in both the normal and tangential directions are as follows [267]–[270] 

휂𝑛 = 2√𝑚.𝐾𝑛, (3-36) 

휂𝑡 = 휂𝑛√𝑠, (3-37) 

𝑠 = √
𝐾𝑡
𝐾𝑛
. (3-38) 

𝑘𝑛 =
√3

3(1 − 𝑣)
𝐸, (3-39) 

𝑘𝑡 =
√3. (1 − 3𝑣)

3(1 − 𝑣2)
𝐸, (3-40) 

3.5. Metallurgical sub-model 

In [Paper – I], a metallurgical analysis is carried out for determining the solidification 

parameters noted earlier in chapter 2. The methodology used for the calculation of these 

parameters is shown in the schematic in Figure 3-5.  
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Figure 3-5. (a) The solidification temperature gradient and the growth angle. (b) Temperature-time profile for an 

imaginary thermal probe shown in (a) used for the calculation of the solidification cooling rate. 

The solidification temperature gradient and the solidification cooling rate are independent 

variables, while the growth velocity and the morphology factor, are dependent. The 

solidification temperature gradient is calculated in the cells, in which the temperature has just 

dropped below the liquidus temperature, which is basically the onset of the solidification 

process. In the next step, the solidification growth angle is determined. This angle is defined 

as [271] 

𝜙 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝐺𝑧
𝐺𝑥
), (3-41) 

where in eq. (3-41), Gx (K.m-1) and Gz
 (K.m-1) are the solidification temperature gradient 

components in the longitudinal and vertical directions, respectively. Then the solidification 

cooling rate, is determined at the moment when the temperature has reached the solidus 

temperature, which is the moment when the solidification process ends. One can find the 

solidification cooling rate via the following expression [164], [167] 

𝐶𝑟 =
𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙

𝑡𝑙𝑖𝑞 − 𝑡𝑠𝑜𝑙
, (3-42) 

tliq and tsol in eq. (3-42) are the times when a cell reaches the start and end of solidification, 

respectively. As the solidification time is very short and in most of the cases is much smaller 

than the minimum time increment of the numerical models, an interpolation is used for finding 

the exact values of tliq and tsol, as shown in Figure 3-5 (b). This is shown in Figure 3-5 (b), 

where black dots show the points in time where the temperature is predicted by the model. 
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Then a linear interpolation is used that connects the two points, which are closest to the liquidus 

and solidus lines. Finally, the values of tliq and tsol are determined by finding the location where 

the interpolant crosses Tliq and Tsol, respectively. The solidification growth velocity is 

calculated via the following expression [195], [196] 

𝑅 =
𝐶𝑟

𝐺
. (3-43) 

In addition, the morphology factor is determined as follows 

𝐹 =
𝐺

𝑅
. (3-44) 

As was mentioned before, the morphology factor is an indicator of the shape and morphology 

of the grains formed during solidification, while the cooling rate, decides the size of the grains. 

3.6. Multi-layer simulation 

In [Paper – II] a combined DEM-CFD methodology for modelling the multi-layer L-PBF 

process is used. Figure 3-6 shows the procedure of the implementation. According to Figure 

3-6, the powder layer distribution belonging to the first layer is simulated using DEM. Then, a 

CFD calculation is performed while using CAD information derived from the DEM simulation 

of the first layer. When the CFD simulation of the first layer is done, the thermal data of the 

whole geometry and at the end of the CFD simulation of the first layer are saved in a separate 

output file. Then a built-in code is used to extract the STL file that involves the final shape of 

the first scanned layer. 
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Figure 3-6. Schematic showing the procedure of the multi-layer simulation of the L-PBF process. 

Then in the next step, another DEM simulation is performed using the extracted surface from 

the first layer. Following that, a CFD simulation is performed to find the temperature field 

during the scanning of the second layer. In [Paper – II], this procedure is repeated three times, 

allowing for the analysis of the evolution and formation of the lack-of-fusion porosities. 

3.7. Melt pool Nusselt number 

A novel approach is used in [Paper-V] for the calculation of the melt pool Nusselt number. In 

the first step, the heat in all possible directions (x+, x-, y+, y-, z+, z-) that is going through the 

melt pool borders and to the neighboring solid materials, is calculated using a central 

differential scheme. Then the total heat flux of the melt pool is found via the following 

expression 

𝑞𝑡𝑜𝑡𝑎𝑙
′′ =

�̇�

𝐴𝑚𝑒𝑙𝑡
=
|�̇�𝑥
+| + |�̇�𝑥

−| + |�̇�𝑦
+| + |�̇�𝑦

−| + |�̇�𝑧
+| + |�̇�𝑧

−|

𝐴𝑚𝑒𝑙𝑡
, (3-45) 

where Amelt (m
2) is the total area of the melt pool, which is in contact with the neighboring solid 

domains. The heat flux from the melt pool to the solid domains can be decomposed into a 

conductive and a convective part as follows 

𝑞𝑡𝑜𝑡𝑎𝑙
′′ = 𝑞𝑐𝑜𝑛𝑣

′′ + 𝑞𝑐𝑜𝑛𝑑
′′ . (3-46) 

One can then approximate the conductive heat flux with the following expression 
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𝑞𝑐𝑜𝑛𝑑
′′ ≈ −𝑘 ∙ ∇𝑇̅̅̅̅ ≅ 𝑘𝑙𝑖𝑞

[𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑜𝑙]

𝑙𝑐ℎ
, (3-47) 

and Tmelt (K) is the average melt pool temperature and lch (m) is the characteristic length of the 

melt pool. Furthermore, the convective heat flux can be approximated as  

𝑞𝑐𝑜𝑛𝑣
′′ = ℎ𝑠𝑙̅̅ ̅̅  Δ𝑇̅̅̅̅ = ℎ𝑠𝑙̅̅ ̅̅ [𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑜𝑙], (3-48) 

and in eq. (3-48), hsl (W.m-2.K-1) is the melt pool average convection heat transfer coefficient 

which is unknown. By combining eqs. (3-46) – (3-48) and re-writing them, the following 

expression is derived for finding the melt pool Nusselt number 

𝑁𝑢 =
ℎ𝑠𝑙 ∙ 𝑙𝑐ℎ
𝑘𝑙𝑖𝑞

=
𝑞𝑡𝑜𝑡𝑎𝑙
′′ ∙ 𝑙𝑐ℎ

𝑘𝑙𝑖𝑞 ∙ Δ𝑇̅̅̅̅
− 1. (3-49) 

According to eq. (3-49), one can determine the melt pool Nusselt number by obtaining the total 

heat flux from the melt pool to the solid domains in the CFD simulations and also the difference 

between the average melt pool temperature and the solidus temperature. This expression can 

be used for finding the effective thermal conductivity for a reduced-order pure conduction heat 

transfer calculation, as shown in [Paper – V]. 

3.8. Sequential flash heating 

To enable the part-scale thermo-mechanical simulation, a modification of the flash heating 

(FH) method, called sequential flash heating (SFH) is used in [Paper-VI]. In this method, 

instead of modelling the thermal effects of the laser beam via a moving heat source, a uniform 

volumetric heat source is used for heating up the layers during the MAM process.  

There are two main requirement for SFH that need to be fulfilled: 

 The amount of energy input should be the same as in the actual process, 

 The temperature must exceed the melt temperature of the metal. 

In both the FH or SFH methods, first the total amount of energy input required for the scanning 

of a single layer of powder is calculated 

𝑈𝛿 = 휂 ∙ 𝑃𝑤 ∙ 𝑡𝑓 , (3-50) 
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where η (-) in eq. (3-50) is the absorption coefficient of the laser and tf (s) is the time required 

for scanning one layer of powder 

𝑡𝑓 =
𝐴Ω

𝐻. 𝑣𝑙𝑎𝑠𝑒𝑟
. (3-51) 

H (m) and AΩ (m2) are the hatch size and total surface area of a layer. As both the SFH and FH 

methods are reduced-order models, one level of lumping is performed parallel to the build 

direction, where a number of layers are combined together, forming a so-called meta-layer. 

Accordingly, the total amount of energy required for scanning a meta-layer can be determined 

by scaling the expression in eq. (3-50)  

𝑈Δ = 𝑈𝛿 ∙ (
𝛥

𝛿
), (3-52) 

where Δ (m) and δ (m) are the thicknesses of the meta-layer and the single layer, respectively. 

The equivalent volumetric heat source can be found via the following expression 

�̇�∀
′′′ =

휂 ∙ 𝑃𝑤
𝐻 ∙ 𝑣𝑙𝑎𝑠𝑒𝑟 ∙ 𝛥𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∙ 𝛿

. (3-53) 

In eq. (3-53), Δtcontact (s) is the flash or the exposure time. After choosing the right value for 

the exposure time, the volumetric heat source in eq. (3-53) is fed into eq. (3-1) for finding the 

temperature field during the process. Furthermore, the proposed SFH method in [Paper-VI] is 

time-consistent, meaning that the activation of the stripes occurs in the same manner and at the 

same time as it happens in the real process.  
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Figure 3-7. The schematic showing the SFH method and its comparison with the actual process. 

According to Figure 3-7, in the SFH method, each meta-layer, with a width of W, is divided 

into a finite number of stripes, which have a width of HML each. Subsequently, upon the 

activation of each of these stripes, a transient thermo-mechanical step is performed. The 

duration of each step, as shown in Figure 3-7, is tf.HML/W.  An exception from this is the last 

stripe, which has a longer time period of tf.HML/W+tcool,  where tcool is the cooling time between 

each layer. In this way, it is assured that the activation process will be very similar to the actual 

printing process. 

 

  



63 

 

4. Highlights 

In this chapter the most important findings from the three investigation groups A-C, which 

were defined in the introduction, are discussed shortly. In the first section, selected results from 

investigation group A, the meso-scale simulations, are given. This involves the multiphysics 

simulation of both the L-PBF and DED processes. Highlights of the second investigation 

group, that involves a fundamental analysis of thermo-capillarity in L-PBF, are discussed in 

the second section of the chapter. In the last section, some results of the investigation group C, 

about part-scale modelling and the SFH technique are given. 

4.1. Meso-scale models 

In [Paper – I], a FEM-based thermo-fluid-metallurgical model of the L-PBF process of 

Ti6Al4V is developed in the commercial software package COMSOL Multiphysics. The 

model is used for the prediction of thermal conditions inside the melt pool during the process 

and the resulting metallurgical conditions. In [Paper – I], it is assumed that the surface of the 

melt pool remains flat, thus capillarity and recoil pressure are ignored in the model. 

Accordingly, only the Marangoni effect is taken into account in [Paper – I].  

A parametric study is performed in [Paper – I] for understanding the influence of two 

important input process parameters, the scanning speed and the beam size, on the thermo-fluid 

conditions of the melt pool and its corresponding shape and size. Furthermore, prior to the 

parametric study, a mesh-independency analysis is performed for obtaining the converged 

mesh configuration. The model is validated by the comparison of the predicted melt pool 

profile with an experimental profile found in literature [272]–[274]. In one set of the parametric 

study, three different beam sizes of 50, 90 and 150 µm and at a constant speed of 300 mm.s-1 

and in the other set, three beam velocities of 200, 400 and 800 mm.s-1 with a beam size of 50 

µm are considered in [Paper – I].  

Figure 4-1 (a) and (b) show the temperature and the velocity vector fields for the 50 µm and 

150 µm beam sizes. According to Figure 4-1 (a) and (b), it is noted that at larger beam sizes, 

not only the overall temperature inside the melt pool is significantly lower, but also, the melt 

pool has a more uniform shape.  
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Figure 4-1. Contours of the temperature and velocity field vector for: (a) 150 µm and (b) 50 µm beam size. 

Scanning speed of (c) 800 mm.s-1 and (d) 200 mm.s-1 for [Paper – I]. 

The temperature contour shown in Figure 4-1 are all taken at a location in time where the melt 

pools have reached their quasi-steady state. Details regarding the heat and fluid flow conditions 

of the melt pools for the parametric study and the related dimensionless numbers are given in 

Table 4-1. 

Table 4-1. Details of the melt pool shape/size and its related thermo-fluid conditions for the parametric study in 

[Paper – I]. 

Case 

id 

 
Melt pool data Dimensionless numbers 

 
Volume 

(m3) 

Peak 

Temp. 

(K) 

Max. 

Velocity 

(m.s-1) 

Vorticity 

(s-1) 
Gr (-) Ma (-) Pe (-) Ar (-) Ec (-) 

V200 2.2E-12 6388.9 5.1 2174.0 2.1e-04 8414.7 33.9 2.4e-09 7.7e-06 

V400 1.1E-12 5672.1 4.9 768.2 9.3e-05 5710.0 26.3 1.7e-09 8.5e-06 

V800 5.1E-13 4220.5 4.1 308.2 2.5e-05 2676.5 16.7 1.2e-09 9.6e-06 
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R50 1.5E-12 6091.9 5.3 1033.6 1.4e-04 6966.5 31.1 1.8e-09 8.8e-06 

R90 1.5E-12 4091.7 3.6 661.8 6.9e-05 3610.3 21.1 2.0e-09 7.9e-06 

R150 9.8E-13 2730.5 2.0 282.3 1.8e-05 1200.0 10.0 2.3e-09 6.1e-06 

According to Table 4-1 and Figure 4-1 (a) and (b), the melt pool has a larger volume and at the 

same time has higher peak temperatures, when the beam sizes are smaller. According to Table 

4-1, the melt pool volume in the R50 case is about 50 % bigger than the one in R150. This is 

mainly due to the fact that the heat flux from the laser has an inverse quadratic relationship 

with the beam size. In this way, the peak heat flux in the 50 µm case is 9 times higher than its 

corresponding value in the 150 µm case. More importantly, it is found that, the bigger the beam 

size, the less pronounced is the Marangoni effect. This is evident from the Marangoni numbers 

listed in Table 4-1. The Marangoni number for the 50 µm case is 1200, while for the 50 µm 

case, it is around 7000. Furthermore, the average melt pool Peclet number is higher than unity 

in all cases studied in the parametric study. This underlines the fact that convection is the main 

mechanism of heat transfer inside the melt pool.  

According to Table 4-1 and Figure 4-1, the reduction in the laser beam velocity leads to a 

bigger melt pool, as the laser-material interaction time becomes longer. Also, it is noted that 

the Marangoni effect becomes more pronounced at lower beam speeds. Moreover, the melt 

pool velocity also increases with the reduction in the laser beam speed, see Table 4-1. The melt 

pool Grashof number in all of the cases in the parametric study is found to be very small and 

negligible. This underlines the fact that the buoyancy forces have a minimal effect on the fluid 

dynamics inside the melt pool. 
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Figure 4-2. Contours of the liquid fraction and the velocity field vector along with the vectors of the 

solidification growth angles for: (a) 150 µm and (b) 50 µm beam size. Scanning speed of (c) 800 mm.s-1 and (d) 

200 mm.s-1 for [Paper – I]. 

Figure 4-2 shows the contour of the liquid fraction and the velocity vector field from a 

longitudinal view for four of the cases belonging to the parametric study performed in [Paper 

– I]. The black curves inside the melt pool show the streamlines that are formed due to the 

fluid motion. The colorful cone-like arrows at the back of the melt pool show the solidification 

growth direction. According to Figure 4-2, the solidification growth angle with respect to the 

x-axis, decreases with a decrease in the beam size. Moreover, it is understood that the cooling 

rate increases with the increase in the laser beam speed. A higher magnitude of cooling rate 

leads to a smaller grain size during the solidification that would ultimately improve the yield 

stress of the components. 

In [Paper – II] a multiphysics numerical model of the L-PBF process of IN718 is developed 

based on the commercial software package Flow-3D, which uses FVM. In [Paper – II], a 

combined DEM-CFD analysis is performed for modelling the formation and evolution of the 

lack-of-fusion porosity during the multi-layer L-PBF process. Figure 4-3 shows a cross-section 

of the computational domain at x = 200 µm and at four different times in [Paper – II]. 
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Figure 4-3. Temperature contour at a cross-section at x = 200 µm perpendicular to the scanning direction at: (a) 

320 µs, (b) 890 µs, (c) 1160 µs and (d) 2110 µs during the printing of the second layer belonging to [Paper – II]. 

A depression zone is formed at 320 µs during the scanning of the first track of the second layer. 

The depression zone is formed due to the exponential increase in the recoil pressure and at the 

same time, the decline in the surface tension. Furthermore, there are a number of porosities 

which are left in Figure 4-3 (b), and were formed previously during the manufacturing of the 

first layer. It is noted that at t = 890 µs, one of the pores which was formed in the previous 

layer, disappeared during the scanning of the second track, as the melt pool captured it. These 

porosities, once captured by the melt pool, move upwards and then escape the melt pool 

surface, due to the strong density difference between air and liquid metal. Moreover, after the 

laser has passed the cross-section at 1160 µs, another pore is formed at the side of the track, 

see Figure 4-3 (c). Finally, it is noticed that the lack-of-fusion pores are mainly formed in the 

zones which are farther from the center of the scan tracks, according to Figure 4-3 (d). The 

same observation is also made in [78], [79], where it is reported that the lack-of-fusion 

porosities will stack vertically, when the hatch spacing is larger than the beam size. This is in 

agreement with the model predictions in [Paper – II]. 
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Figure 4-4. Contours of the temperature and porosity distribution during the scanning of the first layer at t = 1900 

µs from [Paper – II]. (a)-(d) show the cross-sections made at different distances from the center of the first track. 

(e)-(h) show the same contour at different distances from the center of the third track. 

Figure 4-4 shows the temperature contour along with the porosity distribution from the 

longitudinal view and during the scanning of the first layer. A dense morphology is predicted 

at cross-sections that are either made at the center of the scan track or are 20 µm farther from 

the center. However, when the cross-sections are 30 µm or 40 µm farther from the center of 

the scan track, lack-of-fusion porosities are observed. This happens mainly because of the fact 

that the melt pool is not deep on its sides, hence unsintered regions form at these locations. 

According to Figure 4-4, the lack-of-fusion porosities are elongated along the scanning 

direction, while in Figure 4-3, it was noted that these pores are round from the front view. 

Accordingly and also based on [78], these lack-of-fusion porosities, not only deteriorate the 

mechanical properties of the samples, but also they lead to an anisotropy in the yield stress and 

elasticity modulus of the parts. 

The numerical model developed in [Paper – II] is slightly modified and is then applied for the 

prediction of the formation of keyhole-induced porosities during the L-PBF process of 

Ti6Al4V in [Paper – III]. In [Paper – III], the input energy density is sufficiently high such 

that it causes a keyhole during the process, shown in Figure 4-5. Figure 4-5 shows the contours 

of the temperature field at four different times where the cross-section is made at the center of 

the scan track.  
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Figure 4-5. Temperature contour and the velocity field at t = : (a) 2.05 ms, (b) 2.06 ms, (c) 2.065 ms and (d) 2.10 

ms for 170 W input power in [Paper – III]. 

In Figure 4-5 (a), it is noted that a local zone with a relatively lower temperature is formed at 

the tip of the keyhole depression. In this location, since the temperature is lower, the surface 

tension is high and according to [109], [196], the surface tension force tends to minimize the 

free surface energy of the liquid. This eventually leads to the formation of a pore which is 

shown in the dashed zone in Figure 4-5 (b). It is also noted that another local low-temperature 

zone forms on the depression, shown inside the dashed area in Figure 4-5 (b). With the same 

mechanism, the depression collapses at its tip and another porosity forms, see Figure 4-5 (c). 

Furthermore, the pore which was formed in Figure 4-5 (b), moves slightly upwards, which is 

seen in Figure 4-5 (d). This movement is due to the density-driven buoyancy effect that forces 

the pores upwards and against the gravity. Moreover, it is also noted that the pore formed in 

Figure 4-5 (c) has moved left in Figure 4-5 (d). This phenomenon was observed by Martin et 

al. [102] as well, where it was reported that pores during L-PBF move along the streamlines 

inside the melt pool. 
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Figure 4-6. Contour of the liquid fraction for (a) 50 W, (b) 110 W, (c) 140 W and (d) 200 W input laser powers. 

(e) Plot of absorptivity versus input power. (f) and (g) show the contour of the melt pool at a cross-section at the 

center of the scan track for 80 W and 200 W input powers in [Paper – III]. 

In [Paper – III], a parametric study is performed for investigating the influence of the input 

laser power on the melt pool fluid dynamics and its overall regime. In this respect, different 

laser powers of 20 W, 50 W, 80 W, 110 W, 140 W and 200 W were selected in the parametric 

study. Figure 4-6 (a)-(d) show the melt pool morphology and the contour of the liquid fraction 

for four of the cases belonging to the parametric study. According to (a) and (b), the melt pool 

is the conduction regime when the input laser power is 50 W and 110 W, respectively. In the 

two cases with 50 W and 110 W laser power, it is noted that the depression zone is small and 

a keyhole is avoided. However, according to Figure 4-6 (c), when the laser power is 140 W, 

the melt pool regime transits to creating a keyhole and the depression zone becomes deep. 

Accordingly, when the laser power is higher than 140 W, the depression zone becomes larger, 

thus the laser rays will have more collisions with the surface of the melt pool. In this situation, 

the laser rays are forced to transfer more energy to the metallic domain, due to multiple 

reflection. Figure 4-6 (e) plots the overall laser absorptivity calculated from the numerical 

model in [Paper – III] versus the input laser power. It is evident that when the laser power is 

below 140 W, the absorptivity is around 20 %, as the melt pool regime is in the conduction 
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mode. However, when the laser power is higher than 140 W and the melt pool regime has 

turned into keyhole, the absorptivity starts to increase significantly with the increase in the 

input laser power. This once more underlines the role of multiple reflection on the enhancement 

of the heat transfer from the laser to the metal. Figure 4-6 (f) and (g) show the distribution and 

direction of the reflected laser rays for 80 W and 200 W laser powers. One can see that in the 

200 W case, due to the shape of the depression zone, more reflections occur, as more rays are 

trapped. 

A FVM-based CFD numerical model of the DED process of MS-01 maraging steel is 

developed in the commercial software package Flow-3D in [Paper – IV]. In this work, the 

temperature of the individual powder particles are found via a lumped thermal model while the 

location and velocity of these particles are determined with Lagrangian formulation.  
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Figure 4-7. (a) and (c) are contour of the temperature field at 2.623 s and 3.477 s during the scanning of the first 

track and when the laser has switched to the second track, respectively. (b) and (d) show the thermal images of 

the melt pool taken at the locations which are representative for the numerical results in (a) and (c), respectively. 

(e) shows the contour of the temperature field at a cross-section during the solidification of the second track. (f) 

is the track profile using the optical microscopy and the markers show the predicted track profile in [Paper – IV]. 

Figure 4-7 (a) and (c), show the temperature contour of the melt pool during the scanning of 

the first track and when the laser has just switched to the second track, respectively. It is 

observed that the melt pool becomes larger, as the laser beam just starts manufacturing the 

second track. This melt pool enlargement at the beginning of the manufacturing of the second 

track is due to two reasons; first, the residual heat coming from the previous track preheats the 

second track, thus higher melt pool temperatures are achieved. Second, the fact that the laser 

stops for a very short time when it switches to the second track. In this situation, the laser-

material interaction time becomes longer, hence the melt pool absorbs more heat. Figure 4-7 
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(b) and (d) show the temperature profiles belonging to the melt pool captured via the online 

thermal camera, at the times which are representative for (a) and (c). Figure 4-7 (b) and (d) 

also show that the melt pool is larger in the beginning of the manufacturing of the second track. 

Figure 4-7 (e) shows a cross-section of the manufactured profile and at the end of the process. 

The free surface of the liquid metal starts becoming convex, as the surface tension force 

increases with the decrease in the temperature of the metal and during solidification. Figure 

4-7 (f) shows the profile of the manufactured track which is found via optical microscopy. The 

dots shown in Figure 4-7 (f) are the predicted deposited track shape and accordingly, the 

predicted and the experimental track profiles are in a very good agreement. 

Furthermore, as a part of [Paper – IV], a parametric study is performed for finding the 

correlation between the speed of the powder carrier flow on the thermo-fluid conditions of the 

melt pool. In this respect, four cases with different carrier flow rates are simulated in [Paper – 

IV]. Figure 4-8 (a) and (b) show the melt region at the end of the process belonging to the cases 

with carrier flow rates which are respectively 50% lower and 50% higher than the case for the 

validation. 

 

Figure 4-8. The contour of the melt region and at the end of the process for: (a) -50% and (b) +50% carrier flow 

rates than the nominal case in [Paper – IV]. 

According to Figure 4-8 (a), it is noted that the single track has a lower height-width ratio, 

compared to the nominal case and the track is relatively wide. The width of the track is about 

8.3 mm in the case which has a 50 % lower carrier flow rate. This leads to a longer laser-

material interaction time, thus more heat is absorbed which promotes the Marangoni effect that 

tends to make the melt pool wider. On the other side, when the powder carrier flow rate is 50 

% higher than the nominal case, the track has a higher height-width ratio, see Figure 4-8 (b). 

According to this, the track width is 5.68 mm, which is about 50 % lower than the 

corresponding value for the case with 50 % lower carrier flow rate. In case (b) shown in Figure 

4-8, as the laser-material interaction time is shorter, the Marangoni effect is less pronounced 

while the surface tension force is stronger, due to lower overall temperatures inside the melt 

pool. Moreover, it is clearly evident in Figure 4-8 that at lower carrier flow rates, the contact 

angle between the deposit and the base plate is higher, which leads to a better bonding 

eventually. 
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4.2. The Marangoni effect in L-PBF 

In [Paper – V], a CFD numerical model based on the FVM solver Flow-3D is developed for 

studying the influence of positive and inverse thermo-capillarity on the thermo-fluid conditions 

inside the melt pool during L-PBF. The model shares a lot of similarities with the ones used in 

[Paper – II] and [Paper – III], except for the fact that in [Paper – V], the thermal boundary 

conditions e.g. convection, radiation and evaporation are removed, to allow for a detailed 

investigation of the impact of the Marangoni effect on the thermal conditions within the melt 

pool. In this respect, a parametric study is performed in [Paper – V] involving different values 

for the surface tension coefficients covering both inverse and positive thermo-capillarity. 

 

Figure 4-9. Contours of the liquid fraction and temperature field for (a,d) positive Marangoni, (b,e) pure 

conduction and (c,f) inverse Marangoni from [Paper – V]. 

Figure 4-9 shows the contours of liquid fraction and the temperature field at a cross-section for 

three different cases of inverse Marangoni, pure conduction and positive Marangoni. 

According to Figure 4-9, it is noted that the melt pool in the conduction case has an elliptical 

shape and a large portion of its volume has a temperature higher than 2800 K. In the inverse 

Marangoni case shown in Figure 4-9 (c), it is observed that the melt pool is deeper than the 

conduction case and a strong downward liquid jet forms at the melt pool center. In the inverse 

Marangoni case, the liquid flows from the colder rims of the melt pool and to the hot center. 

Due to the conservation of mass and the incompressibility of the liquid metal, a downward and 

at the same time, high-temperature liquid jet forms. This jet digs in the underlying material, 

thus the melt pool becomes deep. Contrary to the inverse Marangoni case, in the positive 

Marangoni case, the melt pool has even a smaller depth-width ratio than the pure conduction 

case. Furthermore, the melt pool in the positive Marangoni case has a bigger depression zone, 

as the surface tension is lower at the hotspot region, thus the recoil pressure dominates the 

surface tension force. Regardless of the direction of the Marangoni effect, according to Figure 
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4-9 (d)-(f), it is noticed that the temperature inside the melt pool becomes lower and at the 

same time more uniform, compared to the conduction case, in both inverse and positive 

thermo-capillarity.  

 

Figure 4-10. (a) The plot of dimensionless average melt pool temperature and average melt pool velocity versus 

the Marangoni number. (b) The plot of the Peclet number versus the Marangoni number for the parametric study 

on the inverse Marangoni effect in [Paper – V]. 

Figure 4-10 (a) shows the plot of the average dimensionless melt pool temperature versus the 

Marangoni number for the inverse Marangoni cases in [Paper – V]. It is clearly visible in 

Figure 4-10 (a) that the average melt pool temperature drops monotonically with the increase 

in the Marangoni strength which is induced by an increase in the surface tension coefficient. 

At the same time, it is noted that the average melt pool velocity increases with the increase in 

the Marangoni number, as expected. In this situation, that the temperature field becomes more 

uniform, the role of conduction in heat transfer becomes less important, as the level of the 

temperature gradients drops. On the other hand, since the fluid flow motion is improved within 

the melt pool, the role of convection becomes more pronounced. Figure 4-10 (b) plots the 

averaged Peclet number of the melt pool against the Marangoni number for the inverse 

Marangoni cases. It is noted that when the Marangoni number is higher than 50, the Peclet 

number becomes bigger than unity. A Peclet number bigger than unity means that convection 

is the dominant mode of heat transfer. 
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4.3. Part-scale simulation 

In the final investigation group, investigation group C, a FEM-based part-scale thermo-

mechanical model of the L-PBF process of Ti6Al4V is developed in [Paper – VI]. A Python 

script is written that automatically performs the slicing of the input CAD geometry into meta-

layers and strips. The script does the material property attribution and applies the heat sources 

and the initial conditions as well. The original Flash Heating (FH) technique is used as the 

initial multi-scaling for the thermo-mechanical modelling of the process in [Paper – VI]. 

While later, Sequential Flash Heating (SFH) is proposed for the improvement of the prediction 

of the numerical model. In the SFH method, the activation of the CAD file in the model, is 

carried out in a stripe-wise manner, while in the FH method, only a layer-wise activation 

procedure is implemented. Five different cases with different prescribed stripe widths are 

studied in [Paper – VI], in order to find the influence of the stripe sizes in the SFH method, 

on the final residual stress field and deflections.  

 

Figure 4-11. The σ11 stress distribution at the end of the process for (a) 6 mm, (b) 3 mm and (c) 1.5 mm stripe 

size. (d)-(f) show the corresponding σ22 stress distribution in [Paper – VI]. 

Figure 4-11 (a)-(c) show the σ11 stress distribution at the end of the process using SFH with 6 

mm, 3 mm and 1.5 mm stripe sizes, respectively. Figure 4-11 (d)-(f) show the σ22 stress 

distribution and accordingly, it is noted that by refining the stripe widths, the stress continuity 

disappears in the transverse direction, leading to low σ22 stress values. On the other hand, the 

σ11 stress is found to be very high, which is parallel to the scanning direction. In this respect, 

by using finer stripes in the SFH method, the planar stress field distribution will become 

anisotropic, which ultimately leads to a non-symmetric final deflection upon cutting. Figure 

4-12 shows the contour of the final deflection in the vertical direction for all cases studied in 

[Paper – VI]. According to Figure 4-12 (a), the final deflection of the sample will be totally 
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symmetrical when using the FH method, as expected, while it is noted that via using the SFH 

technique, the final deflection will no longer be symmetric. Furthermore, the final predicted 

deflection of the part will get closer to the deflection field found with the fringe projection 

method, as finer stripes are used. Moreover, according to Figure 4-12 (d) and (e), the final 

predicted deflection field will not change significantly, when the stripe width is smaller than 

3.0 mm.  

 

Figure 4-12. Contours of the final vertical deformation of the component after its detachment from the base plate 

for the (a) FH method, the SFH method using: (b) 15 mm, (c) 6 mm, (d) 3 mm and (e) 1.5 mm stripe widths. (f) 

shows the final deformation determined via the fringe projection method in [Paper – VI]. 
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5. Summary of the appended papers 

5.1. Summary of Paper – I 

Title: 

A Systematic investigation of the effects of process parameters on heat and fluid flow and 

metallurgical conditions during laser-based powder bed fusion of Ti6Al4V alloy 

Abstract 

Additive manufacturing (AM) of metals faces a growing number of applications in different 

industries e.g. aerospace, medical, automotive, etc. Although metal AM outweighs current 

conventional production methods in some certain areas, the exact effect of processing 

conditions on the final quality and microstructure of the parts is still not well understood. An 

efficient way of understanding the effect of these processing conditions on a part’s quality 

is via a calibrated and validated numerical model. Hence, in the current work a finite element 

model for analyzing the heat and fluid flow along with metallurgical conditions during 

Laser-based Powder Bed Fusion (L-PBF) of a titanium alloy has been developed and 

implemented in the commercial software code COMSOL Multiphysics. The thermal effect 

of the laser is modelled via a novel conico-Gaussian moving heat source, based on the 

concept of modified optical penetration depth. Analytical expressions for the geometrical 

distribution of the heat source are derived to obtain the heat source’s effective depth. The 

model has been both verified and validated through mesh sensitivity analysis and 

comparison with experimental results. Furthermore, a detailed description about the role of 

the various driving forces for fluid flow has been given based on a thorough analysis using 

relevant dimensionless numbers. A systematic procedure to study the influence of neglecting 

the fluid flow inside the melt pool on the thermal field has also been devised. Moreover, a 

parametric study has been carried out to understand the effect of varying beam size and laser 

travel speed on heat and fluid flow conditions along with the final microstructures. The 

results show that changing the beam size or travel speed highly influences the grain sizes, 

dendritic growth directions and also the grain morphologies. To study the metallurgical 

conditions of the process, a microstructural sub-model has been developed. It is shown that 

by choosing different process parameters, one can manipulate the direction of the dendritic 

growth and change the grain sizes. Specifically, it is found that the overall effect of changing 

beam size on grain morphology is less pronounced than changing the travelling speed. 
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5.2. Summary of Paper – II 

Title: 

Multiphysics modelling of lack-of-fusion voids formation and evolution in IN718 made by 

multi-track/multi-layer L-PBF 

Abstract 

Laser-based powder bed fusion (L-PBF) is a branch of additive manufacturing technology 

which is considered to be a superior process due to its capability of producing complex 

designs with low material waste. Despite L-PBFs various unique characteristics, 

manufactured parts still suffer from a wide variety of defects, among which porosity is one 

of the most important. In this paper, a multiphysics numerical model for the multi-

track/multi-layer L-PBF is developed and used for analysing the formation and evolution of 

voids caused by lack of fusion and improper melting. The multiphysics model is in meso-

scale and is used to track and observe the formation of porosities, and considers phenomena 

such as multi-phase flow, melting/solidification, radiation heat transfer, capillary and 

thermo-capillary (Marangoni effect) forces, recoil pressure, geometry dependent 

absorptivity and finally evaporation and evaporative cooling. A novel methodology has been 

introduced to model the two subsequent powder-laying and fusion processes, for each layer, 

by means of a discrete element method (DEM) in a Lagrangian framework and a 

computational fluid dynamics (CFD) model, both implemented in Flow-3D. The results for 

the investigated process parameters indicate that the porosities (voids) are mainly formed in 

between the tracks, largely due to improper fusion of the particles. Moreover, it is observed 

that the pores are mostly elongated in the direction parallel to the laser scanning paths, as 

expected. The probability of the presence of pores is also observed to be higher in the first 

layer, where the average layer temperature is lower as well. Furthermore, the lack of fusion 

zones are seen to become smaller in the subsequent layers, largely due to better fluid flow 

and higher temperatures, because of heat accumulation in those layers. 
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5.3. Summary of Paper – III 

Title: 

Keyhole-induced porosities in Laser-based Powder Bed Fusion (L-PBF) of Ti6Al4V: High-

fidelity modelling and experimental validation 

Abstract 

Metal additive manufacturing, despite of offering unique capabilities e.g. unlimited design 

freedom, short manufacturing time, etc., suffers from raft of intrinsic defects. Porosity is of 

the defects which can badly deteriorate a part’s performance. In this respect, enabling one to 

observe and predict the porosity during this process is of high importance. To this end, in 

this work a combined numerical and experimental approach has been used to analyze the 

formation, evolution and disappearance of keyhole and keyhole-induced porosities along 

with their initiating mechanisms, during single track L-PBF of a Ti6Al4V alloy. In this 

respect, a high-fidelity numerical model based on the Finite Volume Method (FVM) and 

accomplished in the commercial software Flow-3D is developed. The model accounts for 

the major physics taking place during the laser-scanning step of the L-PBF process. To better 

simulate the actual laser-material interaction, multiple reflection with the ray-tracing method 

has been implemented along with the Fresnel absorption function. The results show that 

during the keyhole regime, the heating rises dramatically compared to the shallow-depth 

melt pool regime due to the large entrapment of laser rays in the keyhole cavities. Also a 

detailed parametric study is performed to investigate the effect of input power on thermal 

absorptivity, heat transfer and melt pool anatomy. Furthermore, an X-ray Computed 

Tomography (X-CT) analysis is carried out to visualize the pores formed during the L-PBF 

process. It is shown, that the predicted shape, size and depth of the pores are in very good 

agreement with those found by either X-CT or optical and 3D digital microscopic images. 
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5.4. Summary of Paper – IV 

Title: 

On the role of the powder stream on the heat and fluid flow conditions during Directed 

Energy Deposition of maraging steel - Multiphysics modelling and experimental validation 

Abstract 

The Directed Energy Deposition (DED) process of metals, has a broad range of applications 

in several industrial sectors. Surface modification, component repairing, production of 

functionally graded materials and more importantly, manufacturing of complex geometries 

are major DED’s applications. In this work, a multi-physics numerical model of the DED 

process of maraging steel is developed to study the influence of the powder stream 

specifications on the melt pool’s thermal and fluid dynamics conditions. The model is 

developed based on the Finite Volume Method (FVM) framework using the commercial 

software package Flow-3D. Different physical phenomena e.g. solidification, evaporation, 

the Marangoni effect, the recoil pressure, etc. are included in the model. As a new feature, 

the powder particles’ dynamics are modelled using a Lagrangian framework and their impact 

on the melt pool conditions is taken into account as well. In-situ and ex-situ experiments are 

carried out using a thermal camera and optical microscopy. The predicted track morphology 

is in good agreement with the experimental measurements. Besides, the predicted melt pool 

evolution follows the same trend as observed with the online thermal camera. Furthermore, 

a parametric study is carried out to investigate the effect of the powder particles incoming 

velocity on the track morphology. It is shown that the height-to-width ratio of tracks 

increases while using higher powder velocities. Moreover, it is shown that by tripling the 

powder particles velocity, the height-to-width ratio increases by 104% and the wettability of 

the track decreases by 24%. 
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5.5. Summary of Paper – V 

Title: 

A Fundamental Investigation of Thermo-capillarity in Laser Powder Bed Fusion of Metals 

and Alloys 

Abstract 

Several different interfacial forces affect the free surface of liquid metals during metal 

additive manufacturing processes. One of these is thermo-capillarity or the so-called 

Marangoni effect. In this work, a novel framework is introduced for unraveling the effects 

of thermo-capillarity on the melt pool morphology/size and its thermo-fluid conditions 

during the Laser Powder Bed Fusion (L-PBF) process. In this respect, a multi-physics 

numerical model is developed based on the commercial software package Flow-3D. The 

model is verified and validated via mesh-independency analysis and by comparison of the 

predicted melt pool profile with those from lab-scale single-track experiments. Two sets of 

parametric studies are carried out to find the role of both positive and inverse thermo-

capillarity on the melt pool shape and its thermal and fluid dynamics conditions. The thermo-

fluid conditions of the melt pool are further investigated using appropriate dimensionless 

numbers. The results show that for the higher Marangoni number cases, the melt pool 

temperature drops, and at the same time, the temperature field becomes more uniform. Also, 

it is shown that at higher Marangoni numbers, temperature gradients decrease, thus reducing 

the role of conduction in the heat transfer from the melt pool. Furthermore, for the first time, 

a novel methodology is introduced for the calculation of the melt pool’s average Nusselt 

number. The average Nusselt numbers calculated for the positive and inverse thermo-

capillarity are then used for finding the effective liquid conductivity required for a 

computationally cheaper pure heat conduction simulation. The results show that the 

deviation between the average melt pool temperature, using the pure conduction model with 

effective conductivity, and the one obtained from the advanced fluid dynamics model is less 

than 2 %. 
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5.6. Summary of Paper – VI 

Title: 

Part-scale thermo-mechanical modelling of distortions in Laser Powder Bed Fusion – 

Analysis of the sequential flash heating method with experimental validation 

Abstract 

Residual stresses and deflections are two major issues in laser-based powder bed fusion (L-

PBF) parts. One of the most efficient and reliable ways for predicting residual stresses and 

final distortions is via a calibrated numerical model. In this work, a part-scale finite element 

thermo-mechanical model for Ti6Al4V is developed in the commercial software 

Abaqus/CAE 2018. The flash heating (FH) method is used as the initial multi-scaling law to 

avoid time-consuming meso-scale simulations. The model has been verified by doing a 

mesh-independency analysis. To check the validity of the model, dedicated experiments 

involving samples with specific scanning strategies were performed. Experimental 

measurements were made by optical 3D scanning with the fringe projection technique. An 

in-house made Python script was written  for the stripe-wise and layer-wise partitioning of 

the numerical model, along with material and boundary condition attributions. As expected, 

the results show that layer-wise FH is insensitive to the scanning pattern and will lead to an 

isotropic stress field. It is shown that the FH method overestimates the minimum deflection 

magnitude compared to the experiments by 46.2 %. Sequential FH (SFH) is then proposed 

to resolve this problem. Results show that by refining the stripe widths in SFH from 15 mm 

to 1.5 mm, the deviation between the predicted and measured deflection reduces from 35.7 

% to 1.19 %. However, the required computational time increases from 9.3 hours to 65 hours. 
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6. Conclusion 

Numerical simulation of MAM can serve as a cheap and reliable tool for understanding the 

influence of the input process parameters on the final part quality. These models, once 

validated against experimental results, can be used as a tool for the optimization of the quality 

of MAM products as well. More importantly, numerical simulations can also be implemented 

for finding the mechanisms of defect formation during MAM processes. These models can 

predict the temperature, velocity field and other involved physical variables with a very fine 

spatial and temporal resolution that are impossible to capture even by using the current state-

of-the-art online monitoring techniques. Thus, this Ph.D. thesis is focused on numerical 

modelling of the thermo-fluid-metallurgical-mechanical conditions during the L-PBF and 

DED processes and at different length-scales.  

In the first chapter, an overview of AM manufacturing techniques along with their applications 

in industrial sectors are given. Then important input process parameters belonging to MAM 

processes are introduced and later on, the implications of an improper selection of these 

parameters on the final part quality and possible defect formation is discussed.  

In the second chapter, a comprehensive literature review about the existing numerical models 

of MAM is given. This review covers both meso-scale (thermal, thermo-fluid, thermo-

metallurgical, etc.) and part-scale simulations (thermal, mechanical, thermo-mechanical, etc.). 

Then, three investigation tracks are identified which bridge the gap in the current state-of-the-

art numerical models in the field. The first investigation track includes meso-scale simulations 

of both DED and L-PBF, where detailed melt pool behavior and the mechanisms of porosity 

formation are studied. The second investigation track is on the role of the Marangoni effect on 

the heat and fluid flow conditions inside the melt pool during L-PBF. The influence of normal 

and inverse Marangoni effects on the melt pool morphology is investigated as well. In the third 

and final track, a part-scale model based on the sequential flash heating method is developed 

for studying the evolution of the thermo-mechanical conditions during L-PBF. 

The implemented methodologies used for the numerical models in this thesis are presented in 

the third chapter. Furthermore, the governing partial differential equations are given as well. 

Chapter 4 contains highlights of the findings from the three investigation tracks identified 

earlier. Selected results from the appended papers belonging to the three investigation tracks 

are given and discussed. In one of the works from the first investigation track, a thermo-fluid-

metallurgical model is used for modelling the heat and fluid flow conditions within the melt 

pool and during the L-PBF process of Ti6Al4V. It is found that higher scanning speeds lead to 

finer grain sizes that in turn improve the mechanical properties of the samples. In two other 

studies from this track, the formation and evolution of two distinct types of porosities, the lack-

of-fusion and keyhole porosities are investigated using a multiphysics model. It is shown that 
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when the melt pool regime transitions into a keyhole, the laser absorptivity increases, due to 

the multiple reflection phenomenon. In the last study from the first track, the thermo-fluid 

conditions inside the melt pool during the DED process are analyzed using a multiphysics 

model. It is shown that via changing the carrier flow gas speed, different track morphologies 

can be obtained. In the second investigation track, a fundamental analysis of the impact of both 

normal and inverse Marangoni effects on the thermal conditions inside the melt pool and during 

L-PBF is carried out. In that study, it is observed that at higher magnitudes of the Marangoni 

effect, the temperature inside the melt pool drops and at the same time becomes more uniform. 

In the final investigation track, a part-scale model is developed for simulating the thermo-

mechanical conditions during the L-PBF process. In this study, the sequential flash heating is 

implemented as the multi-scaling law. It is shown that via using finer stripe sizes, the final 

predicted deflection field gets closer to the one found via experiments. 

6.1. Possible future investigation tracks 

The developed numerical models in this thesis have the potential for being re-implemented for 

studying other major aspects of MAM. For instance, a diffusion sub-model can be added to the 

meso-scale simulations of the L-PBF process used in [Paper – I]-[Paper – III], in order to 

understand how Nitrogen in the chamber or shielding gas flow can diffuse into the metal, due 

to the Marangoni effect or recoil pressure.  

The presented meso-scale models in [Paper – I]-[Paper – IV] have also the capacity of being 

coupled to a microstructural model such as cellular automata or phase field, for modelling the 

grain formation and evolution during MAM processes. In this situation, the thermal data can 

be easily mapped from the meso-scale model to the microstructural model via interpolation 

techniques. Then based on the imported and interpolated thermal field, the nucleation rate and 

the grain growth velocity can be determined, that decides the size of the grains. During this 

Ph.D. thesis, a novel method was developed for modelling the grain growth using FVM. 
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Figure 6-1. Contour of grains (left) nucleating and (right) growing, simulated using the MVOF method. Note that 

the model can simulate the grain impingements as well. The color shows different grain identity numbers. 

This method works very similar to the concept of the VOF method that is used for tracking the 

free surface of a fluid in CFD simulations. In this method, which is called MVOF 

(Microstructural VOF), each grain has a unique identity number that is attributed upon its 

nucleation. Right after the nucleation, grains start to grow with the determined growth velocity, 

which is a function of temperature. In this situation, the interpolated thermal data from the 

meso-scale model can be used for finding the local growth velocity used in the MVOF method. 

Furthermore and as noted in Figure 6-1, the MVOF method is capable of simulating the grain 

impingement and more importantly, the method does not have the mesh anisotropy issue. 

The part-scale model has also a great potential for predicting hotspot locations. By removing 

the mechanical part from the model implemented in [Paper-VI] and via using different contact 

timings, it is possible to find the hotspot locations that can lead to dross effects.   
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