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Abstract: Selective laser sintering (SLS) is one of the key additive manufacturing technologies that
can build any complex three-dimensional structure without the use of any special tools. Thermal
modeling of this process is required to anticipate the quality of the manufactured parts by assessing
the microstructure, residual stresses, and structural deformations of the finished product. This paper
proposes a framework for the thermal simulation of the SLS process based on the discrete element
method (DEM) and numerically generated in Python. This framework simulates a polyamide 12
(PA12) particle domain to describe the temperature evolution in this domain using simple interaction
laws between the DEM particles and considering the exchange of these particles with the boundary
planes. The results obtained and the comparison with the literature show that the DEM frame
accurately captures the temperature distribution in the domain scanned by the laser. The effect of
laser power and projection time on the temperature of PA12 particles is investigated and validated
with experimental settings to show the reliability of DEM in simulating powder-based additive
manufacturing processes.

Keywords: selective laser sintering; discrete element method; polyamide 12; thermal modeling;
additive manufacturing processes

1. Introduction

Selective laser sintering (SLS), one of the additive manufacturing techniques, uses
computer-aided design to directly manufacture solid 3D products by sintering powder
layer by layer [1]. This process is one of the additive manufacturing techniques, which
is capable of producing exceedingly sophisticated items from a wide variety of simple
materials without requiring the use of any tools.

Polyamide, generally known as nylon, is one of the powders that can be utilized in
laser sintering. Polyamide is a durable and flexible material resistant to abrasion and wear.
It is utilized in numerous industries, including the automotive, aerospace, and medical
sectors. Several academic works aiming to study the SLS process have used PA12 powder
as their research subject.

Figure 1 is a simplification of each process involved in the manufacturing of SLS.
Ref. [1] provides a more in-depth overview of the SLS procedure.

The results of the SLS method include a variety of defects, such as size faults, layer
delamination, porosity, and subpar material qualities [2]. These defects could be visible in
the finished products. As a result, in order to achieve the goal of regulating the process-
related factors and improving the quality of the final product, it is necessary to have a
comprehensive understanding of the behavior of the powder while being projected by the
laser source.

Materials 2023, 16, 753. https:/ /doi.org/10.3390/mal6020753

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma16020753
https://doi.org/10.3390/ma16020753
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-4193-6062
https://orcid.org/0000-0002-0197-8313
https://doi.org/10.3390/ma16020753
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16020753?type=check_update&version=1

Materials 2023, 16, 753

20f16

Mirrars

Laser

Manufacturing chamber

Scraper

Powder tank

Gas flows

Partin
production

Manufacturing plate

Figure 1. Operating scheme of the SLS process.

The behavior of the powder particles is affected by the complicated and variable
geometric shapes of the particles, which further adds to the difficulty of the issue. In order
to satisfy industrial standards and produce parts of the highest quality, a particle-based
numerical modeling framework is required to describe the physical interactions of the
powder particles that occur during the SLS process. This is necessary to produce parts that
meet the industry’s requirements.

Several different approaches have been created to numerically simulate the physical
interactions in the powder bed. These approaches aim to better understand the SLS process,
better manage the equipment, and optimize the associated concerns.

The bulk of numerical studies on processes based on powders that are proposed in
the literature use continuous methods, which treat the powder bed as a homogenous,
continuous medium. This is because continuous methods assume that the powder bed is a
single medium. In addition, they use a numerical method for solving multiphysics partial
differential equations, which tends to minimize the significance of the role that air plays in
the SLS process by acting as a buffer between the particles.

In the work of Gusarov et al. [3], a finite difference approach was used to model the
melt. The two-flow method was employed to solve the radiative transfer equation, taking
into account the diffusion and conduction heat transfer equations.

Dong et al. [4] used a 3D model with the finite element method (FEM) to study the
temperature distribution in the sintering bath during the SLS process. The study considered
the latent heat of phase transformation, the effect of convection in the powder bed, and the
use of a laser with a power of 8 W at a scanning speed of 0.33 m/s.

Dong et al. [5] used the commercial software Abaqus, which uses the same numerical
method to predict the temperature and density distribution of sintered polymers in the
powder bed. Fisher et al. [6] also proposed a 2D FEM model of the periodic pulses of a
laser on a polymer powder.

However, all cited research works based on continuous methods (FEM, FD, etc.) have
limitations when modeling granular media. These models are incapable of capturing
the physical behavior of the particles in the powder bed, and they significantly under-
estimate the effect of the air between the particles and ignore the discontinuity of the
simulated material.

Moreover, the physical interactions in the powder bed are caused by collisions between
the particles. The interactions are highly dependent on the type of bonding between the
particles. Due to the SLS process’ discrete character and discontinuous behavior, modeling
with continuous approaches is incompatible with the procedure.
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In comparison, the discrete element method (DEM) is a numerical approximation
technique used to investigate granular materials. It is capable of simulating a set of parti-
cles, investigating their physical reactions based on particle contact laws, and capturing
the physical interaction between particles to produce the macro behavior of the simu-
lated medium. The discontinuous medium is treated more realistically by DEM than the
continuous method, making it the optimal technique for modeling the SLS process.

Despite all the above advantages, powder bed modeling by DEM is relatively rare
in the literature. An exception is a study by Steuben et al. [7], which demonstrated the
possibility of using the discrete element method in powder-based additive manufacturing
processes with a relatively simple set of approximations and physical assumptions.

This paper develops a framework for thermal modeling powder-based additive man-
ufacturing processes using the discrete element method. This framework describes in
detail the steps and calculations required for the thermal simulation of particles in the
powder bed.

To validate this DEM framework, it is applied to polyamide 12 (PA12) powder to
study the temperature evolution at the center of the laser beam. The results are compared
with experimental work by Lanzl et al. [8] and with the results of continuous methods
implemented by Yaagoubi et al. [9].

In a second study, the effect of laser power and projection time on the temperature
evolution of PA12 particles is investigated and compared with the experimental work. This
model is implemented numerically in the Python programming language, following the
basic steps of DEM.

The discrete element method is described in the following section. Section 3 provides
a synopsis of the suggested methodology. Section 3 provides the mathematical model, its
implementation, and its architecture. The findings and analysis are presented in Section 4.
This paper is concluded in Section 5.

2. Discrete Element Method

The granular medium is represented in the discrete element method by a set of
particles of simple geometric shape. Generally, spheres are treated independently as solids.
These particles interact with each other through the laws of contact and friction between
the particles. This discrete method is often used to simulate granular media because it
describes their kinematics and discontinuous aspects in a natural way.

The particle model for mechanical problems was first used in geomechanics by Cun-
dall [10] in 1979. Later, it was treated in a general and detailed way by Oriate et al. [11].

Currently, most of the literature concerning DEM is performed in geomechanics and
rock mechanics. However, the method is rarely used to study additive manufacturing
processes, especially powder-based, despite the suitability of DEM for the SLS process.

Figure 2 shows the variables associated with the mechanics of contact between particles
in a powder bed. Each particle is described by cartesian components (x, y, z) representing
its center of mass, and the vector describing the coordinates of a particle i is denoted by
pi- The corresponding particle velocity, acceleration, and force vectors are represented by

v;, a;, and f;, respectively. The normal and tangential directions are denoted by nand T,
respectively, and ¢;; represents the overlap between particles i and j.

Unlike other authors in [12,13] who utilize more complex geometries (ellipses and
polyhedra), we used spherical particles, as shown in Figure 2. Spherical particles are
preferred because of their straightforward geometry, which is identifiable and can be
established using just two parameters: the radius and the particle center’s coordinates.

Additionally, because particle contact detection configurations are straightforward, the
approximation is efficient in terms of memory usage and computing code. Because the
stiffness of the contact between particles depends on the collision curvature and the particles
are vulnerable to rotations that can alter their behavior in the simulation, this sphere/disc
geometry is not usually used. Therefore, it is important to apply this approximation carefully.
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Figure 2. Schematization of the parameters associated with the contact mechanics between the particles.

The main conceptual element of the discrete element method is based on three steps,
as shown in Figure 3.

Contact search:
e Global search
e Local resolution

Preliminary steps: Evaluation of

o Geometry discretized Forces :
by particules e  Contact forces
o Parameters characterization

 Consituitive model

« Conditions

Time step integration:
o Explicit schemes
 Critical time step evaluation

Figure 3. The basic steps for DEM modeling.

2.1. Preliminary Steps

The geometry of the studied medium is represented by hundreds, thousands, and
millions of discrete particles filling the modeled space. This geometry forms the simulation
domain according to each application or use, such as the representation of bulk materials
in tanks, containers, soils, and rocks.

Once the discrete elements form the geometry of the medium, we need to define all
the necessary characteristic parameters that provide information about the geometry and
all the material properties.

We also need to select the time step, taking into account several criteria:

o The precision of the simulations: a small-time step is essential for precise and
detailed solutions.
The duration of the simulation: if the simulation is too long, a larger time step is required.
The influence of the chosen integration scheme: explicit schemes are most commonly
used in the literature, and the critical time step limits the selected time step.
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2.2. Contact Search

The search for contact between particles is the most critical and challenging part of
discrete element modeling in terms of the computational effort (60% to 90% of simulation
time), especially for non-spherical particles. For this, we need a strategy to manage the set
of contacts since it is impossible to perform a collision test for each particle with all other
particles in the simulation domain.

In the literature, several techniques exist to spatially partition the domain so that
collisions are defined by a neighborhood approach to minimize the number of collision
tests. The most common strategies for spatial partitioning include a grid-based method, a
tree-based algorithm (K-D-tree, quad-tree, and oct-tree), and a non-binary search method.
Recommended references for collision detection methods are [14-17].

2.3. Contact Laws
2.3.1. Mechanical Contact Law

Once the particle collision has been confirmed, the proper contact relationship must
be identified in order to record the material’s constitutive response. Figure 2 illustrates
how the discrete numerical model calculates the contact force using only the normal and
tangential displacement.

Generally speaking, the formulations that describe the typical interactions between
the spheres are as follows:

The simplest form of the normal force is for the classical linear spring (Hooke’s law):

fuy = —Kn.éij.ﬁ, Ky = const (1)

where K, is the normal stiffness coefficient, 71 is the normal unit vector connecting the
centers of the particles. Where J;; represents the overlap between the two spheres defined
in Figure 2, i.e., the interpenetration distance between particles i and j, calculated using the
following formula:

51']' =R;+ R]' — Di]‘ (2)

With Djj = ||pi — pj||, and ||.|| representing the Euclidean norm of any vector. In
addition, R; et R; are the radii of particles i and j, and py, k € {i, j}, is the position vector of
the center of mass of the kth particle.

A Hertzian formulation of the normal force between two spheres:

3

where K, is the normal stiffness coefficient, n is the normal unit vector connecting the
centers of the particles, and J;; represents the overlap between the two spheres defined in
Figure 2, i.e,, the interpenetration distance between particles i and j, where §;; = R; + R; — Djj,
with Dj; = ||p; — pj||, and ||.|| represents the Euclidean norm of any vector. In addition, R;
et R; are the radii of particles i and j, and py, k € {i, j}, is the position vector of the center of
mass of the kth particle.

For the shear force, we have the simple formulation used by [7], where the tangential
force is a function of the normal force:

| @

v; — i

ffij = THe

fo ﬁ”i )

with y, as a Coulomb friction coefficient, v; and v;j are the velocity vectors of particles i and
j participating in the collision.
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In a powder bed containing multiple particles, each particle may be in contact with
numerous particles simultaneously. Therefore, the resulting force on the particle i is written

as follows:
J
According to [18], we can simplify the effect of the tangential force in the case where
the average diameter of the particle is less than 50 um and the velocity is low, so the
equation of the force applied on the particle i becomes:

fi= Zf"ij+g (6)
)

where g is the gravitational force.

2.3.2. Thermal Contact Law

In addition to the mechanical generation, the particle system is also engaged in thermal
transfer, as shown in Figure 4, which is the exchange of heat between particles.

NET HEAT FLUX

Figure 4. Heat flow exchange between particles.

The heat transfer in the case of particle-particle contact can be considered as pure
conduction [7], and neglecting radiation or convection effects, in this case the heat flow
from particle j to particle i has the following form:

gij = Ac(Tj — T;) ()

where T; and T; are the temperatures of particles i and j, respectively, and A is a thermal
conduction coefficient between particles. This coefficient necessarily depends on the
particles’” physical properties, size, and interpenetration distance.

For particles located on the upper surface of the powder bed, the effects of convection
and radiation from the ambient air are added to the total heat flow on these particles.

2.4. Time Step Integration

After determining the thermal and mechanical influences for each particle in the
system, it is necessary to propagate these influences in the motion of the particle system
and increase the DEM simulation over time.

For discontinuity simulations, explicit time step integration is most frequently utilized
in the literature. As demonstrated by [19], who suggested performing a comparison analysis
of the most popular explicit time integration schemes in order to provide a clear overview
of these schemes and select the best integration scheme for discontinuity modeling.
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3. Methodology of the Model
Based on the general conceptual elements of DEM from the previous section, a numer-
ical framework based on the discrete element method for powder-based additive manufac-
turing is developed to model the surface of a polyamide 12 powder layer thermally [8,9].
The details of this framework, the constitutive algorithm, and their implementation are
described in the following sections.
3.1. Particle System Definition
In this simulation, we consider a DEM particle system of N spherical particles uni-
formly distributed, as shown in Figure 5, with cartesian spatial coordinates (x, ) occupying
asurface S € R? with bounding planes. A position vector p; represents each particle in the
system, which describes the particle’s center of mass.
0.0010 o e ] ‘ - ‘ - 7
PP PP PP PP 2094402929299 0 9999499292099 90992999 9999099022202+
P PP PP PP PP L4222 0909 9202040929209 999 9422229992929 9 990922000+ +194
b 2 2 o o 2 o ok o 2 ok 2 2 2 2k ok 2 2 o h I 2 b 2 b 2 o 2 2 b 2 2 ok b 2 2 b 2 o 2 o 2 O ok R
0.0008 - PE IS L I LI EEIIELILELIECEIOEEIIELEISELISEES S
PP L4442 2099999929494 099292999292990%49422020299
PP L4442 209992 9299944092999 929990294949%20999
PP L4422 4999999949494 29292992929990999922299
0.0006 1 24P S L2042 E AL SELIE LIS ELSIELASELSEELSS
AR AR SRR R R EE R R R AR R R R R R R R R R R A AR R R RS
E PLL L PP P02 9229990400002 9 9904994599499+
= PE L L P P09 2990004409245 929990944000049+
0.0004 +- SR e S g5 o o o 0 e e i s el 25 gt o8 B a8 o SN G S s o i i o o S s S i SR S g o
A A 2 I 2 o 2 2 2 2 2 2 2k 2 2 2 2 2k A 2 b 2 2 2 o 2 2 2
PLE L L L L2242 9299944040999 999 90999909999
PP AL L L2292 09 9299944902099 2 2999990922002+
0.0002 - PEE IS LI LI EEIPEEIIELIEEISEEIIETIOEISEES S
R R b 2 2h b 2 JE o b 2 2 o oh b 2 Jh b b 2 2 Jh b 2 2 2h 2h Jh b 2b oh b 2b 2h ob b 2 b
PP LA 2229209999999 49909999299999092%02202+91+21+1+4
PP L4442 2099999994942 9992929929992494922040+1+1+4
0.0000 1 e ;

0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

Figure 5. Distribution of DEM particles in the powder bed.

There are also other parameters associated with each particle in the domain, f; and v;
are, respectively, the corresponding vectors of the force and velocity of particle i, with its
mass m;, radius r;, while T; and g; represent the temperature and heat flow. The direction
of the parameters during the contact of the particles is well shown in Figure 2.

We simulated the laser projection onto the domain S, defined as a bounded area with
0 <x <3mmand 0 <y <1 mm, with a uniform average radius over all particles,
r; = 0.025 mm, based on the current distribution given by [20] for PA12 powder used in
additive manufacturing, as shown in Figure 6, where the average diameter of the particles
is 60 um. We chose a diameter of 50 pm to better distribute the particles in the field and
agree with the surface’s dimensions.

=
]
|

> Drummer et al., volume

—— Fit volume

<
oo
1

-=-=Fit number

<
(=]
I

Distribution [a.u.]
=

o= e
20 40 60 80 100 120 140
Particle diameter [pm)]

Figure 6. Volume particle diameter distribution density for PA12 powders used in additive manufac-
turing [20].
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The simulation time variable is denoted 7. At 7= 0, the laser spot is fringing the
simulated domain, where the particle system is predefined and its deposition time in S is
neglected. The simulation time step is A7, and 7+ is the total number of these time steps
in the simulation. For stability, an approximation of the maximum time step given by [7],

which requires AT <ATq; with ATy ~ o/ m,é—’:” where m,,;, is the minimum particle

mass and kj, is the normal stiffness used for the calculation of the normal force.

3.2. Contact Search

Since the number of particles in the present study is not very high (1200 slices), we saw
no need to use any of the previously mentioned algorithms for contact testing. Therefore,
contact testing was performed for all particles in the computational domain. To minimize
the simulation time and avoid excessive calculations, we added a general condition to stop
the contact check when the maximum number of contacts was reached [21-26].

The indices of particles in contact with the particle under test are all stored in a separate
list labelled L; to calculate the thermal and mechanical contact laws (see Section 3.3).

Two particles are considered to be in contact if the distance between them is smaller than
the collision radius. This distance is calculated sequentially according to the following equation:

lpi = pill < 7itr;

where H pi—pj H is the normalized Euclidean distance between the particles in the test, and
ri +r; is the sum of the radii of these particles.

3.3. Contact Modeling

Once we have detected the collision indices for each particle in the system, we must
apply the contact law to the particle system.

3.3.1. Inter-Particle Contact Law
The most straightforward approach described above in Equations (1) and (4) is used
to calculate the normal and tangential contact forces. Then, the total force of particle i
generated by contact with particle j is calculated in the following form:
¢
fi= Z[fnij+ftij:| ®)

j=1

when fni]. and ft,»/ have the form of Equations (1) and (4), and 7. is the number of contacts
on a particle i.

In addition to mechanical forces, there are also thermal energy transfers. We will
model these transfers between particles as pure conduction and neglect the radiative and
convective transfers between them. Then, the total heat flow (gq;) on particle i is the sum of
all the flows of particles j in contact with i, where it is calculated as follows:

e
q; = Z qij with gij = Ac (T] — T,) 9)
=1

In this section, we neglect the effect of the boundary planes on the particle system, so
we have to add the impact of these planes, which will be discussed in the next section.

3.3.2. Contact Law with the Boundary Planes

Our simulation introduces a rigid stationary plane as a bounding plane. The interaction
of the particles with this bounding plane undergoes a normal force given by [7], with a
distance condition that must be greater than the particle radius ;.
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(m)

Oif&bzri

ri—0p lf Sp < 1 (10)

_>
fne = kpxing; x; = {

where ky, is the boundary stiffness, and &y, is the distance between particle i and the boundary
plane, 77,}{ is the normal unit vector to the boundary plane.

These boundary planes also participate in the heat transfer in the powder bed, which
generally dissipates the system’s thermal energy to the outside. Then, the heat flow of
particle i in contact with these planes is regulated by adding a flow by conduction toward
these boundary planes, which describes the following formula:

7i+ = Aa(Tp — T;) (11)

where Ty, is the temperature of the bounding plane and A is the heat conduction coefficient
with the boundary.

The particles on the upper surface lose heat by convection and radiation to the outside,
so the heat flow should be adjusted as follows:

gi+ = he(T, = T;) + g-U'SB-(Ta4 - T{*) (12)

where T, is the ambient temperature, k. is the convective heat transfer coefficient, ( is the
emissivity of the material, and ogp is the Stefan-Boltzmann constant.

3.4. Energy Deposition

In our work, we will simulate a stationary projection of the laser onto a bed of PA12
powder with the laser beam (B;) located at the center of the simulated surface, with
coordinates §; = (x = 0.0015, y = 0.0005), and a heat input radius r; = 0.0002 m. A view of
the simulated granular medium is shown in Figure 7.
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Figure 7. View of the heat input area in our simulation.

The position of the heat source is fixed and known at each time step, so a model
describing the flow distribution must be integrated to determine the thermal energy trans-
ferred by the laser beam, to each particle, in whole or in part. The area scanned by the laser
is often modeled in the literature by a cylindrical heat flow, where the power is constant at
all points in the scanned circle.

In general, the cylindrical heat flow can be described as follows: g = n%rl, where P is
the laser power and r; is the radium of the laser beam.

The distance between each particle and the laser beam center is calculated at each
time step. Depending on the calculated distance, we distinguish between fully or partially
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scanned particles by the laser (see Figure 8). Additional heat flow is applied to these
particles according to:

qo-g—f,O <lpi—Bill <rp—r;
git = q0- 2w, r =1 < |lpi = Bl <+ (13
0 otherwise

where ||p; — B|| is the distance between particle i and the laser beam center, S; is the area
of particle i, S; Sl is the area sintered by the laser, S;., is the area of intersection between
the particle and the heat input area (e.g., the red area in Figure 8), and gy is the total flow
delivered by the laser, which is distributed among the particles using the coefficient g—; or

%‘%, depending on the degree of exposure of each particle.

L 20 2B 2B 2 S 2 28 2R 2B 2
L 20 20 JE S SRR R S 2R 2B 2

particle partially 2 20 2 2= 2 S SE SR SR % 2% 2
scanned T R R E RS
VL 24044494

particle fully YIRS 2 2 T N e
scanned RR R R R

L 20 20 JE S SRR SR S 2h 2B 2
22 2 2 b R 2 2 2b 2b 2 o

Figure 8. View of the particles completely and partially swept by the laser beam.

3.5. Time Step Integration

Based on the integration schemes treated by [19] for the discrete element method,
we decided to simulate our problem with the explicit integration scheme of Euler for the
evolution in time. We apply the update scheme at each time step after the sequential
computation of the forces and the heat flows.

The update scheme for each particle 7 is expressed as follows:

vi(T+ AT) = vi(T) + %AT
pi(T+ A1) = pi(7) + 0i(T)AT
Tt + A7) = T(7) + 1 AT

cp is the specific heat capacity.

3.6. Implementation

The flowchart in Figure 9 clearly shows the execution steps followed in the Python
implementation for the thermal simulation of the SLS process. The program results are
stored for each particle at each time step. The positions of the particles, their radii, and
their temperatures are exported and visualized by Python’s visualization library.
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Input simulation parameters

Load the laser parameters

loads the particle system

Data post-processing
and visualization

Particlep=0

Generate a collision list

Calculation of
mechanical forces onp

Thermal heat flux
calculation forp

Calculate temperature

NL: Number of layers (L=cst)
Nt: Number of Time Steps
NP: Number of particule

Figure 9. Flowchart in the Python implementation of the DEM framework.

4. Results and Discussion

We modeled the temperature evolution at the laser beam’s center of PA12 powder,
which is typically utilized in the SLS process, using the Python computer language, follow-
ing the DEM framework for thermal modeling of the SLS procedure (Figure 10).

Table 1. The values of parameters used in the DEM simulations.

Parameter Notation Value

Laser Power P 1.7W
Preheating Temperature of the Powder T; 170 °C
Sintering Temperature Ts 180 °C

The Temperature of the Chamber T, 170 °C
Laser Beam Radius 7] 200 pm
Particle Radius T 25 um
Simulation Time T 0.006 s

Time Step AT 0.001s

The Density of The Powder 0 1000 kg/m?
Thermal Conductivity A 0.28 W/m-K
Domain Porosity € 0.8 (FEM), 0.78 (DEM)
Stefan—Boltzmann Coefficient osp 5.67 x 1078
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Figure 10. The temperature evolution at the center of the laser beam in our DEM simulations with
the parameters from Table 1.

We compared our findings to an intriguing experimental setup by [8], where the
temperature evolution of PA12 particles was examined in a DSC chip with properties similar
to the laser used in SLS machines. This comparison served to validate our DEM framework.

Our findings are contrasted with those of [9], who used COMSOL software to predict
the PA12 powder bed’s temperature evolution continuously.

All of these assignments were done under the following conditions: The laser power
is 1.7 watts, the preheating temperature is 170 degrees Celsius, and all other circumstances
are identical to those in Table 1. Due to the minimal difference between the preheating
temperature and the sintering temperature, a low-power laser is chosen.

Figure 10 illustrates the temperature increase within the laser spot on the bed surface
as a result of our DEM simulation. At the end of the simulation, the temperature is
approximately 316 degrees Celsius, which is higher than the liquidus temperature of the
PA12 powder, which is 300 degrees Celsius (300 °C). Because of the high input energy
(p = 1.7 W) and the tiny diameter of the laser beam (200 um), which led to a high energy
concentration on the particles, this simulation generated a significant temperature increase
during the duration of the simulation. Because of the continuous loss of thermal energy
and the constant laser power throughout the simulations, the figure demonstrates that the
progression of the temperature over time is nearly linear. This can be attributed to the fact
that the simulations were run with constant laser power.

Our simulation result is compared with the works of [8,9] in Figure 11 to check the
agreement of our DEM simulation with these works and evaluate the capabilities of DEM
to simulate SLS processes.

Figure 11 demonstrates a strong agreement between our DEM simulation and the
experimental result as well as the FEM simulation. The peak temperature attained at
the end of the simulations (T = 0.006 s) is very similar in all three simulations, and the
temperature evolution is very similar across the three results.

To illustrate the behavior of the PA12 particles in the DEM simulation, Figure 12 shows
a view of the temperature evolution for each particle in the region under the laser beam
projection for three different time steps. At T =0.001 s, the temperature in the powder bed
is low, and the distribution is confined to the particles scanned by the laser.

Due to the low thermal conductivity of the PA12 grains, the medium becomes more
homogeneous over time as the temperature in the bed rises. However, this process is
gradual because of the heat transmission between the particles and surfaces.
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Figure 12. Visualization of the temperature in the powder bed under the effect of a stationary laser at

three different times (a
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Temperature (°C)

In the second study, we will study the impact of the laser’s power and projection time
on the temperature of the domain using the discrete element method. For this, the identical
powder (PA12) will be simulated under a static laser source with two different laser powers
(0.9 W and 0.6 W), while maintaining the other parameters listed in Table 1.

The results are displayed in Figure 13, which highlights the effect of laser power
and scan duration on temperature evolution in the field. Particle temperature increases
noticeably, reaching 250 °C at a power of 0.9 W and 200 °C at a power of 0.6 W.

350

—8— P= 0.9W - DEM simulation

—&— P= 0.6W - DEM simulation
300 A

250 A

N

o

o
1

Temperature (°C)
[
wn
o

100 4

50 A

0.000 0.001 0.002 0.003 0.004 0.005 0.006
Time (s)

Figure 13. Laser beam center temperature depends on laser scan time and laser power.

The temperature evolution of the PA12 powder under two different laser powers is
compared in Figure 14 with Lanzl’s experimental study [8].

300 300
—8— P= 0.9W - DEM simulation —8— P= 0.6W - DEM simulation
275 4 &+ P=0.9W - Experimental test 1 275 4 &+ P=0.6W - Experimental test 1
¥+ P= 0.9W - Experimental test 2 ¥+ P= 0.6W - Experimental test 2
i 4
250 A F 250 -
225 1 :O 225 -
<
200 2 200
@
£
175 175
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100 T T T T T T T 100 r T T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.000 0.001 0.002 0.003 0.004 0.005 0.006
Time (s) Time (s)
(a) P=0.9W (b) P=0.6W

Figure 14. Comparison of the temperature evolution in the center laser beam of our DEM simulation
with the [8] results using two different powers (a = 0.9 W, b = 0.6 W) and the data in Table 1.

The left curve (a) shows the temperature evolution of the PA12 powder from our
simulation DEM and the two experimental tests of Lanzl under the same laser power of
0.9 W for different exposure times.
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We can see a good agreement between our simulation and the experimental results
since the evolution curve of our DEM simulation always lies between the two tests.

For a lower laser power, we have the temperature evolution in the right curve (b) with
a laser power of 0.6 W. This gives us repeatable results, where the temperature evolution is
practically the same for both works with a tiny margin of error.

The exciting comparison in both studies confirms the DEMs ability to model the
powder’s thermal behavior under the projection of a laser and demonstrates the accuracy
of the discrete element method for modeling the SLS process.

5. Conclusions

This study introduces a DEM framework for the thermal simulation of powder-based
additive manufacturing processes. A comprehensive framework presents the computations
required to characterize the particle interactions in the powder bed. The simulation of
a polyamide 12 domain using this framework to predict the evolution of the maximum
domain temperature under the static action of a laser point demonstrated its utility for the
SLS process.

Using the system depicted in Figure 9, we could monitor the temporal evolution of the
PA12 particle temperature. Among the particles of interest were those in the laser range,
whose temperature evolution throughout the simulation was reasonably linear. The results
were in remarkable agreement with the experimental data collected by Lanzl and the FEM
results applied by Yaagoubi on the COMSOL program.

To demonstrate the effects of the laser power and scan length on the temperature
evolution of the particle system, a second investigation using this DEM framework was
undertaken on the same PA12 particle domain using different laser powers. In addition,
we compared these results to Lanzl’s experimental design, which found a comparable level
of convergence with a slightly higher margin of error.

These studies demonstrate that our DEM framework can simulate and capture the
spatial and temporal thermal distributions of a particle system subjected to the projection
of a heat source.

These interesting results will help in the development of a code that incorporates the
majority of physical occurrences into the SLS approach, which will be the subject of further
research in the near future.
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