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Abstract. Additive manufacturing techniques like selective laser sintering face challenges such as residual
stresses and warping. Understanding laser-powder interaction is crucial to addressing these issues. This pa-
per presents a computational model to simulate laser energy propagation and absorption in a particle bed
during early sintering stages. A ray tracing model, developed in MATLAB®, simulates light propagation
through 2D and 3D particle beds. The 2D model is used to identify several numerical parameters for the 3D
model, which is applied to a particle doublet. Its results are then used for mechanical sintering simulations
in MercuryDPM. These model predictions are compared to experimental data on the sintering of polystyrene
particles. The model is extended to a full 3D particle bed used to derive equations which can efficiently
estimate absorbed energy per particle based on material, geometric, and laser parameters. A semi-random
walk is also introduced, simulating light propagation stochastically while significantly reducing computation
time. This stochastic approach yields energy distributions in the particle bed comparable to ray tracing but
is 1000 times faster. Lastly, equations are derived that replace the simulations, further reducing the compu-

tation time by a factor of 70, making them suitable for transient sintering simulations.

1 Introduction

One of the many methods in additive manufacturing is se-
lective laser sintering (SLS). Here, a laser beam penetrates
into a powder bed, causing the particles to sinter together.
However, SLS has some known issues such as residual
stresses inside the material and shrinkage or warping of
the printed parts. These issues can be a result of a too-low
chamber temperature, a too-high cooling rate after print-
ing, or a non-uniform bed temperature [1]. Performing ex-
periments and computational simulations of sintering par-
ticles can help to give a better understanding of the under-
lying phenomena causing these problems. A proper model
of the laser energy absorption by the particles is necessary
to produce models which are capable of realistically sim-
ulating the sintering of powder beds.

In previous studies, Hejmady et al. analysed the light
absorption and sintering of polystyrene (PS) [2] and poly-
amide 12 (PA12) particles [3]. Two particles were sin-
tered using a laser while changing several variables. The
neck radius and temperature evolution were measured.
These experimental results are used in this study to cali-
brate several variables necessary for the simulation of sin-
tering particles in MercuryDPM [4]. Here, two different
materials were simulated: PA12 and PS. While PA12 is a
suitable crystalline material for SLS, PS is an amorphous
polymer which does not have a clear melting temperature
[1]. However, amorphous polymers such as PS in general
come with a lower price compared to PA12 and are there-
fore still often used in AM [5]. Therefore, both materials
have been used for the simulations.

This study introduces a laser absorption model which
focuses on the particle scale. A laser beam is discretised
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into a finite number of rays which propagate in the particle
bed. Several simulation variables and their effect on the
absorption are analysed in both 2D and 3D in section 2:
Ray tracing absorption model. In section 3: Model simpli-
fication, two types of simplifications are proposed to re-
place the ray tracing simulations: a set of equations which
are computationally friendly to execute, and the use of a
semi-random walk. This way, the light absorption of the
particles can be calculated quickly, and subsequently be
used in the particle sintering simulations in MercuryDPM.
For both simplifications, variable dependencies were in-
corporated which results in an absorption model where
different bed and material properties can be used.

2 Ray tracing absorption model

The structure of polymer chains determines the opacity of
a material, with opaque materials scattering more light,
which is a difference between amorphous and crystalline
polymers. The light path and absorption also depend on
the light wavelength and particle shape [6]. For simplicity,
this study assumes no internal scattering for both materi-
als and perfectly spherical, monodisperse particles. This
makes it possible to calculate the expected path for each
ray interacting with a particle.

2.1 Ray tracing absorption model

To describe the energy absorption of a laser in powder
beds, the incoming light beam is discretised and modelled
as a finite number of rays, each having its own path while
propagating into the bed. This model was presented by
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Osmanlic et al. [7] and is used in this study. In his model,
each ray is traced through particles where it is partly ab-
sorbed, until it is completely absorbed or has left the bed.
During this tracing, the rays undergo reflection and trans-
mission/refraction when interacting with the particles.
Each ray has an energy / [-] while every particle has
an energy absorption £ [-], both expressed as a portion of
the total laser energy. If a ray propagates inside the mate-
rial for a distance z, then the particle will absorb the laser
energy, causing the energy of the ray to decrease expo-
nentially from /, to /; according to the Beer-Lambert law:

1} = Ipexp(—uz) (1)

with u the attenuation coefficient of the material. If a ray
propagates inside air, the light energy remains constant as
there is no interaction between atmospheric air and visible
light, especially if the light contains high-energy photons
[8]. This is similar for gases such as nitrogen and argon,
which are often used in SLS, as they exhibit negligible
interaction with CO, laser light [9]. Once a ray interacts
with a particle and splits into two new rays, its energy is
divided among the transmitted and reflected ray using the
reflected energy portion factor R:
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with 74 and np the refraction index of air and the particle,
a the incoming angle and S = sin™!((n,/ng) sin(a)) the
transmitted angle. This gives the reflected ray an energy
of IR and the transmitted ray an energy of /(1 — R) where
[ is the energy before the ray splits.

Firstly, the model is analysed on 2D cases to establish
some numerical variables, after which 3D cases are ana-
lysed. All ray tracing simulations are steady-state and
done in MATLAB®. Using the results of Hejmady et al.
[2], attenuation coefficients of x = 27400 m™' for PS and
1 =33500 m™! for PA12 are achieved, and assumed to be
independent of temperature. Furthermore, nz = 1.5997 for
PS[10] and ng = 1.525 for PA12 [11] are used, and ny = 1.

2.2 2D simulations

Several 2D simulations were made that simulate light rays
propagating through a particle bed, represented by circles
with a diameter D. The light rays start equidistantly on a
line above the particles, and are updated after a spatial step
size Al, where the ray energy is updated using Eq. (1) and
the ray direction k is updated based on a change in me-
dium. Three numerical variables were determined:

- The initial number of rays Nyay, together representing the
laser beam with an almost infinite number of rays.

- The spatial step size Al, which can be seen as the dis-
cretisation of the ray paths.

- The energy dissipation threshold I,,;,, which determines
when the rays stop propagating, defined as a percentage
of the average starting energy of the rays (1/N,,,).

After every spatial step, the simulation checks whether
aray is fully dissipated or has left the bed, and is finished
when this is the case for all rays. From the simulations,

Lyin = 0.01/N,,,, showed a good balance between accuracy

and simulation time. For A/, it was found that a too-high

value could result in missed interactions with a particle. A

value of Al < 0.1D showed less than 3% variation in ab-
sorbed energy, which was similar for the 3D simulations,
and was therefore used in the following simulations. The
variable N,,, proved to be case-specific. It depended on
the position of the particles and the required level of pre-
cision. Several values were tested to find a good balance
between accuracy and calculation time, but for most 3D
simulations, 10* rays were used.

2.3 3D simulations

For the 3D simulations, a set of rays with starting points
within a circle or ellipse positioned above the particle bed
is used to represent a laser beam. The particle bed, consist-
ing of monodisperse spheres, is generated using Mercu-
ryDPM [4]. Yaagoubi et al. [12] showed that the laser en-
ergy distribution for CO; lasers, common in SLS, can be
approximated by a Gaussian curve and that twice the stand-
ard deviation can be used for the laser radius 7;,,,,. By ro-
tating and integrating the curve, the total energy is achieved
and set to 1. The starting positions of the rays are randomly
distributed over the beam, therefore each ray occupies an
average area of nr,ﬁser/N,.ay. The Gaussian curve divided by
this area determines the energy for each ray:

C, 2d*
]()(d, Tlasers Nmy) = N—exp 2 G)
ray laser

with C) =2/(1 —exp(-2)) = 2.3, I, the laser energy and d the
distance of the ray to the laser centre. Initially, each ray is given
a coordinate, a direction k, and an energy according to Eq.
(3). Once the simulation is finished, the absorbed energy £
for each particle is determined, which can be used to calcu-
late its temperature change AT per time step Az. Hejmady
et al. [2] showed that due to a small Biot number (Bi<0.1),
a homogeneous particle temperature can be assumed:

_ P,EN

mcp

AT )
with P, the laser power, m the particle’s mass and ¢, the
specific heat capacity. This AT was implemented by Al-
varez et al. [13] in MercuryDPM to describe the particles’
temperature evolution during transient sintering simula-
tions. His model also simulates the thermal diffusion in
the bed and the viscous flow of the particles using the ab-
sorption model presented here, which focuses on the prop-
agation of the laser beam and the heating of the particles.

3 Model simplification

To decrease the simulation time, two types of simplifica-
tions will be introduced: a set of equations for a particle
doublet and a powder bed, and the use of a random walk.

3.1 Replacement equations for a particle doublet

To calibrate some variables for sintering simulations in
MercuryDPM, experiments by Hejmady et al. [2] were
used for comparison. Here, a PS particle doublet was cre-
ated by shining a laser onto two spherical particles with
equal diameter D on a reflective floor while measuring their
overlap. The relative overlap 9, is the overlap divided by
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the diameter. The respective simulation in MercuryDPM
uses a set of replacement equations to calculate the energy
absorption E for each particle, which are based on the ray
tracing simulations. Several values for J,, and D were sim-
ulated, corresponding to the values used in the experi-
ment. £ is plotted against J,, in Fig. 1:
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Fig. 1. Energy absorption E per particle for particle doublet with

varying diameter D and relative overlap o, for ry,,, = 20 pm.

Each line shows the energy absorption at a certain 9,
for a given D. Fitting curves for each diameter were found
in the form of a 6""-order polynomial, with &, as the input
and E as the output. These equations were used in Mercu-
ryDPM and the results were compared to Hejmady’s ex-
periments [14], which is not shown in this study.

3.2 Replacement equations for a powder bed

Equations can also be derived for a whole bed of particles.
The variables which are expected to affect the energy ab-
sorption are the particle diameter D, density p, refraction
index ratio x = n,/np, attenuation coefficient x and posi-
tion relative to the laser; the bed volume fraction ¢; and
the laser power P;, and radius 7/aser.

Firstly, the energy absorption of the particles in the top
layer is derived. E, is the portion of energy a particle ab-
sorbs out of what it receives and is calculated by integrat-
ing the energy absorption at every position on the particle
over the top surface area of this particle:

! 1
E D)= [ 1

0 _
I-R _ exp(uDV1 —x%r2)

However, this integral was found to be unsolvable. The
trapezoidal integral approximation was used as an estima-
tion. If the argument of the integral is defined as f(7), then:

@@%DVL}@W:%EPG) (©)
i=1

where a larger step-number »n has a larger accuracy. A
value of n = 500 shows a maximum deviation of less than
0.1% of the true value. As an example, n4=1,n5=1.5997,
#=27400 m™" and D = 60 pm give E, = 0.705, thus 70.5%
of the light which hits a particle is absorbed.

Ei, is the portion of energy a particle receives out of
the total laser energy, and can be calculated by integrating
the laser energy over the top surface area of a particle:

2
Bod.C, =4 d2+d*~(D2y
Eyy(d, D, iger)= fA - ﬁ” ¢/l -zea1 | cos! (T2)> dd,(7)

dr (5

with A =max(d — D/2, 0) and B =min(d + D/2, rj45,), ac-
counting for particles overlapping with the laser centre or

edge. d; is the distance of any point within the particle to
the laser centre. Again, this integral was found to be unsolv-
able and the trapezoidal integral approximation was used.
If the argument of the integral is defined as f(d;), then:

B n—1 . )
Fuld. Do) = [ Fidad = = AZI’ (a(1-2)+B2) ®
Here, n = 1000 steps showed a maximum deviation of less
than 0.1%. For d = 0 pm, D = 60 pm and 7, = 200 pm
give E;, = 0.0508, thus a top-layer particle located at the
centre of the laser receives 5.08% of the total laser energy.

The two values E, and E;, can be multiplied to achieve
the total energy absorption of a top-layer particle, E.ss =
E, E;,. The example numbers show Eqp, = 0.0358, thus this
particle absorbs 3.58% of the laser energy.

Some rays reflecting away from top layer particles hit
neighbouring particles and do not leave the bed. A factor
of Keor = 1.09937 was found to correct this, and appeared
to be independent of ¢, x,  or D. This gave a coefficient
of determination of R? = 0.99646 for the top layer particles
compared to the ray tracing simulation.

To calculate the absorption for the rest of the bed, the
absorption in the top layer is multiplied by a depth factor
Kaep- This factor was found by choosing a function shape
based on the ray tracing simulation results, and iteratively
optimising its parameters until the highest R* was found.

Kgepin = exp((F + GuD))(uz)'+ Ju2)* (9 - L)) (9)

with eight factors: [F GHIJK L M]=[-0.036 -0.45 -0.48
1.4 -3.8 0.3 0.574 0.8]. This equation includes the effect of
the attenuation coefficient, particle size and volume fraction
on the system, and the particle depth parallel to the laser z:

z=(i— 1)DV6/3 cos 0 (10)

with 6 the laser angle and i the theoretical layer number of
a particle, as monodisperse spheres naturally group into
layers with a height of Dv/6/3. This ensures that the tops
of the particles in the top layer have a depth of z=0. Since
laser angles in SLS are in general up to 20° [15], several
laser angles were tested using the ray tracing simulations,
but no significant change in absorbed energy was found.

Lastly, Eq. (8) uses d, the perpendicular distance to the
laser centre, which can be calculated with:

(c-p,) xky
d= 7| ‘ ﬁ;l | (11)

with ¢ the coordinates of the laser centre along the laser
beam, p_p the coordinates of the particle centre and ko the

initial laser direction. When testing different refraction in-
dex ratios, no difference in absorption was found. The ab-
sorption for any particle can now be calculated with:

E= Eabs Kcor Kdepth (12)

The final R? value, averaged out over volume fractions
ranging from 0.575 to 0.7 (corresponding to non-overlap-
ping particle beds), resulted into R> = 0.9619.

3.3 Semi-random walk approximation

The semi-random walk is similar to the ray tracing simu-
lations, but uses rays that stochastically change direction
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inside a volume with virtual particles, using rules based
on the ray tracing simulations. Rays again start randomly
distributed in a circle with a downward direction and a to-
tal energy of 1. After a certain random distance /,;- the ray
changes from medium A to B at a random point on a gen-
erated sphere. Then, reflection and refraction occur as
normal. Based on the point of interaction on the sphere,
the ray splits up into a reflected and transmitted ray with
new directions and energies, at both the entry and exit point.
The value for /,; depends on the volume fraction ¢ and is
random with a certain probability distribution, which is
acquired using the ray tracing simulations. Here, the ray
distances between particles were analysed and a distribu-
tion was found using histfit () in MATLAB®. Then, a
fitting curve was found for several values of ¢. Using this
equation for the distribution, /,; can be determined during
the random walk. The distance to the first particle interac-
tion in the top layer, /., follows a different distribution.
For this, a similar approach was used.

The results of the random walk showed similar energy
absorptions compared to the ray tracing simulations. How-
ever, since virtual particles are used, the absorption can
only be calculated by adding particles together within a
region to say something about the absorption within that
region. The random walk does not define the absorption a
particle would have at a specific point in the bed.

4 Conclusions

A detailed understanding of laser-powder interactions is
necessary to improve the selective laser sintering process
and to address challenges such as residual stresses, warp-
ing, and non-uniform sintering. In this study, a ray tracing
model was developed to simulate laser energy absorption
in 2D and 3D particle beds, capturing the complex inter-
action between laser light and powder particles.

To reduce the high computational cost of full ray trac-
ing, two simplifications were introduced: (1) replacement
equations and (2) a semi-random walk approximation. As
shown in Table 1, the replacement equations, when cali-
brated against the ray tracing results, reduce the computa-
tion time by a factor of 70000 while retaining a high accu-
racy (R? = 0.96), making them well-suited for use in transi-
ent sintering simulations like MercuryDPM. The semi-ran-
dom walk model also captures the overall energy distribu-
tion trends and provides a ~1000x speed-up, but lacks the
spatial resolution required for particle-specific predictions.

Table 1. Calculation times for a 1x1x0.5 mm bed with 2653
particles where D = 60 um, ¢ = 0.6, x = 27400 m~! and x =
1/1.5997. For methods 1 and 2, 7aser = 200 um, and for
methods 1 and 3, Nyay = 10000.

1. Ray tracing 2. Replacement 3. Semi-
simulation equations random walk

+5000 s +0.07 s +5s

Calc. method

Calc. time

The current model applies to monodisperse, spherical
particles with bed volume fractions between 0.575 and 0.7.
While the ray tracing simulations account for overlapping
particles, the replacement equations do not, which constrains
their applicability in highly agglomerated or dynamically
evolving beds. Addressing this limitation, extending the
model to polydisperse, irregularly shaped particles, and
validating the equations with experimental data focused

on light propagation and absorption in powder beds are
promising directions for future work.
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