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In this study, a 3D thermo-fluid computational method has been developed and employed to simulate the laser
powder bed fusion (PBF) process. The particular objective is to demonstrate the feasibility of multi-layer sim-
ulations of the laser PBF process and to discuss the potential and challenges of this approach. The approach
includes using the discrete element method (DEM) to simulate particle spreading on a powder bed, as well as
computational fluid dynamics (CFD) and heat transfer to simulate laser-powder/matter interactions, in a
sequential manner to about 10 layers only with a small scan area, limited by currently available computational
power. The simulation results can offer insight such as melt pool shapes and sizes, also solidified surface
morphology along different build layers. The model also includes a surface tracking algorithm to account for the
formation of voids and lack-of-fusion pores. In addition to achieving the main objective of this study, i.e.,
feasibility demonstration of this computational process, it is also noted that, for the case studied, the defects in a
former layer may shrink, or even vanish, due to the extra thermal energy received from laser scanning of sub-
sequent layers. This study has successfully demonstrated the sequential linkage between a discrete element
method and a thermo-fluid model in a multi-layer deposition fashion and the experimental validation will be
performed in future work. With significantly greater computational capabilities in the future, the developed
method may potentially be utilized as a means to understand physical phenomena and select key process pa-

rameters for PBF fabrications of small features.

1. Introduction

Powder bed fusion (PBF) is an additive manufacturing technique that
involves the repeated deposition of powder particles and selective
melting of them in a layer-wise manner. This process is categorized into
different types based on the applied heat source, which is either a laser
beam in selective laser melting (SLM) [1] and selective laser sintering
(SLS) [2], or an electron beam in electron beam melting (EBM) [3]. PBF
has several advantages, e.g., design freedom, less material waste, etc.,
over conventional manufacturing methods [4]. The implementation of
numerical simulations plays a crucial role in the detailed understanding
of the PBF process and the optimization of its parameters. Several
influential characteristics of the process, such as powder particle dis-
tribution and defect formation, which may be difficult for experimental
investigation or too costly with in-situ monitoring techniques [5], are
facilitated through numerical simulations, such as the integrated
discrete element method (DEM) and computational fluid dynamics
(CFD). In other words, numerical simulations can be less expensive al-
ternatives for experiments to study multi-physics phenomena involved
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in the PBF process, such as evaporation, fluid flow, melting/solidifica-
tion, recoil pressure, etc.

Various numerical models of the PBF process have been imple-
mented in the literature. They include thermal finite element (FE)
models for several purposes, including the prediction of phase trans-
formation and analyzing lack-of-fusion defect formation [6], the
observation and prediction of the variations in the melt pool dimensions
[7,8], the investigation of the effects of the process parameters on the
melt pool dimensions [9-11], and to optimize the scan strategy [12],
thermo-metallurgical models to calculate the solidification parameters
from the temperature fields and use existing theoretical models to obtain
the grain size and morphology of the PBF-fabricated samples [13,14],
and thermo-mechanical models to investigate the effects of temperature
distribution resulted from different scan strategies and PBF process pa-
rameters on the formation of residual stresses [15-19] thus on part
deflections [20-23]. By reviewing different types of models presented in
the literature, it can be concluded that the best-suited models for multi-
layer simulation of the PBF process are thermo-fluid models with
surface-tracking capabilities, where the fluid's free surface dynamics
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Fig. 1. The multi-layer simulation methodology.

also give the ability to simulate the formation and evolution of porosity
between different layers during the process.

Thermo-fluid models are among the best-suited computational
techniques for single-layer and multi-layer simulation of the PBF process
[24]. By developing a thermo-fluid model of a single scan track in the
laser powder bed fusion (L-PBF) process, Wu et al. [25] demonstrated
the necessity of consideration of evaporation during the process.
Khairallah and Anderson [26] presented a single-track thermo-fluid
model to simulate the L-PBF process of stainless steel proposing the
optimum process parameters to avoid residual pores. Shrestha and Chou
[27] and Bayat et al. [28] developed 3D thermo-fluid models to inves-
tigate the pore formation in the L-PBF process and compare the con-
duction and keyhole mode behavior of melt pool resulting from using
different process parameters. By including the recoil pressure and laser
ray tracing energy source in their single-track simulation, Khairallah
et al. [29] categorized the pore defects into three types of depression
collapse, lateral pores, and trapped pores, and discussed the strategies to
avoid them. They also illustrated the physical mechanisms behind
sparking, spattering, and denudation in the PBF process by identifying
three distinct zones along a melt track, i.e., depression, transition, and
tail end.

Despite the advancements in the PBF modeling and simulation ap-
proaches, most of the developed models are limited to a single scan track
or a single layer, while many of the internal pores are formed due to the
layer-wise nature of this process, and many microstructural features are
developed during the process of adding subsequent layers. Some multi-
layer models are developed in the literature. Khan et al. [30] proposed a
conduction-based model with an adaptive remeshing framework for
quick assessment of the L-PBF process variables on the melt pool size.
Cummins et al. [31] developed a coupled DEM/smoothed particle hy-
drodynamics (SPH) to simulate the evolving temperature and micro-
structure of non-spherical Ti6Al4V powder particles during the L-PBF
process. Shi et al. [32] developed a finite element model of two layers
focusing on the effects of processing conditions on the thermal behavior
of the first layer during the melting of the second layer. Ricci et al. [33]
presented a 3D FE model for the prediction of the temperature field
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during the L-PBF of AlSi10Mg alloy in five layers. The model was vali-
dated with experimental melt pool size and correlated to the micro-
structural properties at different layers. Afrasiabi et al. [34] presented a
2D numerical framework based on the SPH method with the successive
building of ten layers using two different laser powers to show how the
unevenness of layers can be avoided by adjusting the laser power during
the L-PBF process. He et al. [35] presented a thermo-fluid model of
double-layer SLM and studied the effects of laser power and hatch
spacing on the remolten region between two scan tracks and two layers.
Bayat et el. [36] developed a multi-physics of three-layer PBF to analyze
the formation and evolution of lack-of-fusion pores and found more
defects in the lower layers due to the lower temperature of the build
platform. Koepf et al. [37] introduced a 3D crystal growth model to
obtain the grain structures in the PBF of Inconel 718. Gan et al. [38]
presented a multi-physics model of six-layer PBF to calculate melt pool
dimensions and microstructure of Ni-based alloy parts. Using a 3D finite
element model, Machirori et al. [39] examined the influences of various
scanning strategies on the distribution of residual stresses during the
multi-layer L-PBF of Ti6Al4V. Wu et al. [40] developed a numerical
model to understand the consolidation mechanism in a multi-layer
process of electron beam PBF.

There are also some other works on multi-layer modeling of the PBF
process [41-44], however, most of them do not include the non-
uniformity of the powder particle sizes and instead a uniform size dis-
tribution or a continuum media with different material properties was
considered as the powder layer. Also, the laser-material interaction
model is only based on a moving volumetric heat source, without
considering the recoil pressure and Marangoni convection, which ac-
cording to [29], results in unrealistic melting, flowing, and solidification
of the material. So, the objective of the present study is to demonstrate
the feasibility of multi-layer modeling of the L-PBF process without the
above-mentioned limitations and to discuss the potential and challenges
of such models. The overall taken approach is to use the discrete element
method (DEM) to simulate the distribution of layers of powder particles
over a build platform/previously melted and solidified layers, then to
use the results to simulate the laser-powder interactions in the L-PBF
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Table 1
Ti6Al4V material properties used for the DEM simulation.
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Property Density (kg/m?) Modulus of elasticity (GPa) Poisson's ratio

Coefficient of restitution

Sliding friction coefficient Rolling friction coefficient

Value 4420 114 0.34
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Fig. 2. Powder distribution of the 10th layer in Paraview. The legend indicates
the particle size in cm.

Table 2
Ti6Al4V material properties used in the thermo-fluid model [53-55].
Properties Values Properties Values
Solidus temperature, T; (K) 1878 Liquidus temperature, 1928
Tp, (K)
Latent heat of fusion, L¢ 286 Boiling temperature, T, 3533
(kJ/kg) X
Latent heat of evaporation 9830 Viscosity (kg/m s) 0.005
(kJ/kg)
Surface tension gradient —0.00026 Surface tension (N/m) 1.68
(N/m K)
0.7 mm

Fig. 3. A top view of the CFD results of the first layer showing the laser scan
moving paths with dashed arrows and the domain size.

process using computational fluid dynamics (CFD). The combination of
the DEM and CFD was developed and described in detail in our previous
work [27]. Now by repeating this process, a thermo-fluid model of the
multi-layer L-PBF process is developed in the present work that can be
utilized as a foundation for understanding the basic physical phenomena
and selecting the key process parameters. Such a model has the potential
to be used as an effective tool for minimizing porosity defects in the
fabricated parts by optimizing the process parameters and scanning
strategies. It can also provide accurate temperature profiles to thermo-
metallurgical and FEM-based models for predicting microstructure and
residual stress evolution, respectively. Furthermore, the model's pre-
dictive capabilities can be applied to control strategies, such as the
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development of digital twins for metal additive manufacturing processes
[45].

2. Methodologies
2.1. Multi-layer modeling procedure

The integrated multilayer L-PBF process simulation was imple-
mented based upon two steps, i.e., powder deposition using the discrete
element method (DEM) for each layer, followed by laser-powder inter-
action using computational fluid dynamics (CFD). The combination of
DEM and CFD was developed for single-layer L-PBF in our previous
research [27]. After the DEM simulation of each layer, the STL file,
containing the distributed powder, was used for the CFD step, and the
results from the CFD simulation were exported as an STL file. The top
surface of the STL file, including the melted region and surrounding
powders, obtained from the CFD simulation was cut out from the Ster-
eolithography (STL) file to be used as the new substrate for the DEM
simulation of the next layer. This was done to reduce the number of
rectangles in the STL file thus reducing the DEM computational time.
After the DEM simulation was performed, the new distributed powder
layer was placed on the STL file obtained from the CFD of the previous
layer, including the top surface geometry and pores formed during all
the previously processed layers. The methodology cycle is illustrated in
Fig. 1. This process was repeated until the desired number of layers was
achieved.

2.2. Powder deposition modeling

The powder deposition was modeled using the open-source DEM
code LIGGGHTS (LAMMPS Improved for General Granular and Granular
Heat Transfer Simulations) [46]. In this model, contact forces (normal
and tangential) and rolling friction are considered between particles. All
particles in the computational domain are tracked by solving their tra-
jectories and are identified separately by their size, mass, moment of
inertia, etc. The force balance for a particle with index i is presented in
the following equations [27]:

miX; = Fi, +Fi; + Fiyp M
dw;

I = X Fy+ T, 2
di Ti, a1, &)

where F; , and F; . are the normal and tangential particle-particle con-
tact forces, respectively, and F; p is the body force (gravity in this case).
ri, ¢ X F;  represents the torque due to the tangential force. T; , is an
additional torque on the particle to account for non-sphericity through
rolling friction. This term, however, is not considered since only
spherical particles are taken into account in this model. More details
about the particle-particle contact model can be found in Ref. [46]. The
material properties used in this model are presented in Table 1. A time-
step size of 50 ns and a particle size distribution of 16 pm to 48 pm were
used for the DEM simulation. For the first layer, a 1-mm-long and 0.7-
mm-wide flat surface was used as the build platform. After the DEM
simulation is completed, Paraview version 5.9.1, which is an open-
source multiple-platform software application, was used for visualiza-
tions. Fig. 2 shows the powder particle distribution of the 10th layer in
Paraview.
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Fig. 4. Example of the total melt height measurement of four scan lines at layer 4 in Flow-3D Post.

Table 3

Simulation details for raster scanning (four 0.5-mm long laser scans) in an area of 1 mm in the x-direction and 0.7 mm in the y-direction in 10 layers.

Layer # Simulation Platform/computer Number of processors Number of triangles Computational time (hours)

Layer 1 DEM Local workstation® 32 2 1.75 6.00
Thermo-fluid Local workstation” 36 - 4.25

Layer 2 DEM HPC® 48 270,165 110.75 116.25
Thermo-fluid Local workstation” 36 - 5.50

Layer 3 DEM HPC 60 326,470 138.75 147.00
Thermo-fluid Local workstation” 36 - 8.25

Layer 4 DEM HPC 60 374,792 191.50 200.25
Thermo-fluid Local workstation” 36 - 8.75

Layer 5 DEM HPC 60 272,628 126.00 137.50
Thermo-fluid Local workstation” 36 - 11.50

Layer 6 DEM HPC 60 255,581 142.25 149.25
Thermo-fluid Local workstation” 36 - 7.00

Layer 7 DEM HPC 60 342,915 114.25 123.75
Thermo-fluid Local workstation” 36 - 9.50

Layer 8 DEM HPC 60 301,313 97.00 106.75
Thermo-fluid Local workstation” 36 - 9.75

Layer 9 DEM HPC 60 320,716 136.75 146.75
Thermo-fluid Local workstation” 36 - 10.00

Layer 10 DEM HPC 60 303,459 102.75 113.75
Thermo-fluid Local workstation” 36 - 11.00

2 CPU: Intel Xeon E5-2687WO0, 32, 3.10 GHz, RAM: 128 GB.
> CPU: Intel XeonE5-2695,36, 2.1/3.3 GHz, RAM: 512 GB.

¢ High-Performance Computing cluster at the University of Louisville (Cardinal Research Cluster).

2.3. Laser-powder interaction modeling

After the powder bed is obtained from the DEM simulation, it was
saved as an STL file and imported to Flow-3D software version 11.2.6.4
(Flow Science, Inc., Santa Fe, New Mexico, USA). The computational
domain in the CFD model consists of two immiscible phases, which are
labeled as fluid (the metal region) and void (the ambient air). To
determine the free surface of each phase, various methods have been
proposed in the literature, including the level-set [47], the phase-field
[48], and the volume-of-fluid (VOF) [49,50]. Flow-3D uses the VOF
for tracking the phase interface, Fractional Area/Volume Obstacle
Representation (FAVOR) method [51] for defining problem geometry,
and CFD to solve thermo-fluid problems. For the present thermo-fluid
model, an initial temperature of 308 K was considered for the entire
computational domain. In addition, a thermal insulation boundary
condition was applied on the four side walls and the bottom wall of the
model. The main governing equations of mass, energy, and momentum
conservation were solved during the CFD simulation:

Mass conservation:

op

dt-‘rV.(pv):O

3
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Momentum conservation:

3 ,
(PV)+V.(pVV) = —=Vp+ V1) +pg + Snom

b @
Energy conservation:

ApH .

IPH) | G (5 ¥ H) = V.(kVT) + S, )

ot

where p is density, t is time, V' is the fluid velocity, p is pressure, 7 is
stress tensor, p g is gravitational body force, H is enthalpy, k is thermal
conductivity, Smem iS momentum source, and Sy is the self-adaptive
volumetric heat source. A moving Gaussian distribution heat source in
the horizontal direction was considered for the laser beam. The flow is
primarily governed by the surface tension which is defined by [27]:
dy

Y =Vnt ﬁAT (6)
where y is the surface tension, y,, is the surface tension at the melting
point, dy/dT is the surface tension gradient, and AT is the temperature
difference. During the simulation, the molten metal flow causes defor-
mation in the surface, which is captured by the fluid fraction equation
[27]:
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Fig. 5. Perspective views of the melt region of different layers of the multi-layer simulation.

Table 4
Surface roughness values obtained from the simulation of each layer.
Layer # 1 2 3 4 5 6 7 8 9 10
Sa (pm) 4.4 6.7 12.4 6.5 5.9 4.2 8.0 5.5 5.8 4.9
oF
—+((V.V)F=0 7 2e
o T VY) SR : 10)

Also, as it is discussed in our previous research [27], recoil pressure
caused by metal evaporation is modeled by the pressure boundary
condition:

where Py is the atmospheric pressure, AH, is the specific enthalpy of
metal vapor, T, is the boiling temperature, T is the surface temperature,
and R is the universal gas constant. Additionally, multiple reflections of
the laser between powder particles and within a possible keyhole are
approximated by Fresnel reflection as [52]:

where ¢ is the angle between the irradiated ray and the surface normal,
& depends on material properties and laser type and can be represented
as:

AH,(T - T,)

Precoit = 0.54P, oé’xp( RIT (€)]

©)]

1 <1 + (1 — ecos@)’ € — 2ecos@ + 2cos*D
2

- +
1+ 1+ ecos®)2 €2 + 2ecos@ + 2cos* QP
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- 2
&+ |:€%+ (s—;}) :l

where ¢ and €3 are the dielectric constants, ¢y the permittivity of vac-
uum, oy is the electrical conductance per unit depth, and w is the angular
frequency of the laser. The Ti6Al4V powder's physical properties such as
thermal conductivity, specific heat, and density were considered as
functions of temperature. The constant properties of the Ti6Al4V pow-
ders used in the thermo-fluid simulation are presented in Table 2. It is
worth mentioning that there are uncertainties in the material properties,
which can affect the simulation results, e.g., melt pool geometry, surface
morphology, etc., and can be the subject of a future study.

A hexahedral mesh of 5 pm is applied to the computational domain.
The flow was assumed to be viscous, incompressible, and laminar and
the fluid was Newtonian. Since Flow-3d [56] utilizes VOF and these
models are typically used to capture the interface between only two
phases, solid and liquid in this case, inert gas dynamics cannot be
considered in this model; However, their effects are captured implicitly
by applying the pressure effect and the cooling effect on the free surface
of the material. This free surface can be between the material and either
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the X-direction.
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Fig. 7. The size decrement of a defect by increasing the number of layers. The cross-section is perpendicular to the scanning direction.

the surrounding volume or the pores inside the domain. Solid particles,
including the solid powder particles of the current layer, as well as the
ones of the previous layers, were assumed to be static and no spattering
Layer # 4 5 6 7 8 9 10 of material was considered for the model. Also, enough dwell time was
Pore size (um) 132.5 1023 915 736 683 538  40.1 assumed between each layer for the previous layer to cool down and
reach the steady initial temperature. The melt pool geometry predictions
were validated against experiments in previously published research by
our group [27]. The parameters used for this process include laser power

Table 5
The size of a pore measured after deposition and melting of different layers.
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temperature

1815.720
1647.771
1379.822
1111.872
843.923
575.974
308.025

Fig. 8. Temperature distribution at the same cross-section as Fig. 6 shows a temperature range of ~1200 °C around the lack-of-fusion defect after scanning the

fifth layer.

Table 6
Total melt height measurement results for different scans at different layers
(each value is an average of five measurements along the scan length).

Scan 1 Scan 2 Scan 3 Scan 4 Average

Layer 1 29.1 £1.0 34.0 £2.9 347 £ 2.2 33.7 £33 329+1.3
Layer 2 30.9 £3.7 39.0 £2.9 32.7 £ 2.8 39.7 £1.8 35.6 £ 1.6
Layer 3 36.1 +£4.2 39.6 £ 2.5 383+ 35 379 +£43 38.0 +1.7
Layer 4 39.2+5.4 442 +1.2 40.4 £ 1.6 39.3+3.9 40.3 £ 1.6
Layer 5 35.2 +£5.0 382 +25 40.8 £2.3 39.6 £ 4.2 385+1.8
Layer 6 36.0+ 1.4 37.7+£1.8 39.3+1.8 41.0 £2.4 385+1.0
Layer 7 319+1.4 359 + 4.3 44.0 + 4.8 42,6 £5.4 38.6 £2.2
Layer 8 40.6 +£2.8 42,5 +£3.1 421+£1.6 37.5+£3.2 40.7 £ 1.3
Layer 9 37.3+4.4 41.8+£1.9 41.7 £4.3 45.1 £2.7 41.5+£1.7
Layer 10 40.9 +£2.9 409 + 2.4 43.6 + 4.0 39.6 + 3.4 41.3+1.5
Average 35.7 £1.2 39.2+£0.9 39.8 +1.0 39.6 £1.3

of 120 W, a scan speed of 1500 mm/s, and hatch spacing of 75 pm. Four
parallel 0.5-mm-long laser scans were performed on each layer of
powders. Fig. 3 shows the domain size of the first layer in Flow-3D,
which was exported as an STL file and used as the new substrate for
the DEM simulation of the next layer.

Melt pool measurements were performed in Flow-3D Post software
version 11.2.6.4 (Flow Science, Inc., Santa Fe, New Mexico, USA). Since
for layers two and higher, it is not possible to exactly distinguish the
melt pool depth and the bead height in the melt region, the total melt
height, which includes melt pool depth plus bead height, was measured
to compare different scans/layers. Fig. 4 shows an example of the
measured total height of the four scan tracks at layer four in Flow-3D
Post. The measurements were done at five equally spaced cross-
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sections at 50 pm, 150 pm, 250 pm, 350 pm, and 450 pm along the
scan length in each layer and the average value of the five measurements
was reported for each scan at each layer.

3. Results and discussion

Table 3 shows the computational time and details of both DEM and
CFD simulations for each layer. It can be seen that the simulation time is
directly influenced by the number of triangles in the STL file. As by
adding each layer, more powder particles, thus more geometrical fea-
tures were added to the STL file for the next layer and therefore the
simulation time was increased. This effect was minimized by cutting the
unnecessary regions of the STL file to decrease the number of imported
triangles to the DEM simulation. Mesh processing of STL files was per-
formed in MeshLab software v. 2021.10 (ISTI - CNR). The typical melted
region for some layers is shown in Fig. 5. The surface data of each layer
was extracted and used to calculate the surface roughness presented in
Table 4.

The surface roughness values range from 4 pm to 8 pm for all layers
except for layer three, which is much higher. The high surface variations
of layer three are visible in Fig. 5, as well. A possible reason is the for-
mation of some lack-of-fusion defects in its previous layer causing dis-
ruptions in the melt pool at this layer. Generally, pore formation can be
considered a random phenomenon in the L-PBF process, while the pore
type and the likelihood of its formation can be estimated based on the
process parameters [57,58]. Lack-of-fusion porosity may arise from
incomplete melting of the powder due to insufficient thermal energy
densities, particularly when melt pools are too small to form a complete
overlap with the adjacent melt tracks or the previously melted layers

(b)

4 5 6 7 8 9
Layer no.

10

Fig. 9. The variations of average total melt height at (a) different scans and (b) different layers.
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[59]. Insufficient thermal energy densities can be either due to low laser
powers, high scan speeds, high distances between the scan lines, high
layer thicknesses, or a combination of these cases. Since the process
parameters used for this simulation, especially the high scanning speed,
result in a lower volumetric energy density than what is recommended
for part fabrication using Ti6Al4V [60], shallower melt pools were
formed leading to insufficient overlap between the melt pool and the
previously melted layer, which increases the likelihood of these pores
being lack-of-fusion pores. Fig. 6 shows an example of a lack-of-fusion
defect after the laser melting of the third layer.

The formation of these inter-layer pores can be a combined effect of a
lack-of-sufficient heat to make the melt pool deep enough to penetrate
the previous layers and high variations in the surface height of the
previous layers (layer three's high surface roughness, in this case). So, to
minimize the formation of these pores, higher laser power and/or lower
scanning speed may be used. It was observed that the size of the pores
decreases as more layers are deposited on the top and the number of
layers increases. This can be attributed to receiving additional thermal
energy resulting from scanning the next layers, which is in line with the
results observed in the literature in simulation [36] as well as experi-
ments [6,61]. Fig. 7 illustrates tracking an inter-layer lack-of-fusion
defect, which was formed between layer three and layer four, through
different layers. The size of this pore at its elongation direction at
different stages of the simulation is listed in Table 5. Also, Fig. 8 shows
the temperature distribution at the same cross-section as Fig. 7, indi-
cating a temperature range of ~1200 °C around the lack-of-fusion defect
after scanning the next subsequent layer (layer five).

The results of the total melt height are presented in Table 6. Each
value is an average of five measurements along the length of a scan
track. Fig. 9 illustrates the variations of average total melt height at
different scans and different layers. Fig. 9 (a) shows the total melt height
increases drastically and plateaus out from the first to the second scan.
This behavior can be attributed to the lower average temperature of the
part during the first scan, as opposed to it being pre-heated for the next
scans causing heat accumulation and increment of total melt height.
Also, Fig. 9 (b) shows an increase in the average value of the total melt
height in the first four layers reaching a semi-steady state after layer
four. This behavior is consistent with the observations in the literature
[62] and can be attributed to the increment of the conduction path by
increasing the number of layers, as conduction is the main phenomenon
controlling the melt pool size.

4. Conclusions

To demonstrate the feasibility of multi-layer simulations in building
small features by L-PBF, a 3D thermo-fluid model has been developed to
simulate the multi-layer L-PBF process using DEM and CFD to simulate
the particle distribution in the powder bed, and the laser-powder
interaction, respectively. A moving Gaussian heat source, surface ten-
sion gradient, and evaporation pressure along with multiple reflections
were included to predict the temperature distribution and history as well
as melt pools and the top surface morphology from each layer. The
model includes a surface tracking algorithm to account for the geometry
of voids and lack-of-fusion pores generated during the process. Pore
tracking during the multi-layer simulation shows the evolution of pores:
forming, shrinking, or disappearing due to the interaction with the
molten pool during scanning in subsequent layers. Also, the result im-
plies that pore formation during laser PBF processing could be possibly
attributed to a very rough surface from the previous layer. The findings
suggest that the lack-of-fusion defects (1) elongate perpendicular to the
build direction between layers and (2) may close possibly due to
receiving more thermal energy from the laser during the scanning of the
subsequent layers. One major limitation of the developed method is that
the powder particles are assumed to be static during laser-powder in-
teractions, thus no spattering or powder particle attraction to the melt
pool can be observed. To extend this method to a larger-scale model, e.
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g., a higher number of layers with a larger scan area and different SLM
process parameters (e.g., lower scan speeds), there will be a need to
advance the computational power in terms of hardware processing ca-
pabilities and memories in order to avoid the high computational time
especially associated with the DEM simulation of a larger area. In future
work, the feasibility of using this method to investigate the local
morphology at up-skin and down-skin surfaces of inclined parts will be
explored. Also, in the continued work, small-scaled laser PBF experi-
ments will be conducted for comparison and to address the weakness in
model validations, before the model can be extended to further studies.
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