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Abstract
Laser sintering is a widely used process for producing complex shapes from particulate materials. However, understand-
ing the complex interaction between the laser and particles is a challenge. This investigation provides new insights into the 
sintering process by simulating the laser source and the neck growth of particle pairs. First, a multi-physics discrete element 
method (DEM) framework is developed to incorporate temperature-dependent contact rheological and thermal properties, 
incorporating heat transfer and neck formation between the particles. Next, energy transport by ray tracing is added to allow 
for computing the amount of laser energy absorbed during sintering. The DEM model is calibrated and validated using 
experimental data on neck growth and temperature evolution of particle pairs made of polystyrene and Polyamide 12. The 
findings show that the proposed DEM model is capable of accurately simulate the neck growth during the laser sintering 
paving the way for better controlling and optimizing the process.

Keywords Discrete element method · Laser beam absorption · Neck growth · Sintering · Polymers

1 Introduction

Laser sintering (LS) is an additive manufacturing technique 
that offers cost-efficient production of complex geometries 
and a variety of material options, including metals, ceramics, 
and polymers. The use of LS for polymer printing is rapidly 
expanding, with the potential for large-scale manufacturing 
in the near future [1]. Although multi-physics frameworks 
have been used to simulate the laser sintering process in 
polymers, accurately predicting the interaction between the 
laser heat source and the particulate polymer during sinter-
ing remains a challenge. Therefore, there is a critical need to 
develop more advanced rheological contact models and gain 
new insights into the underlying mechanisms of the process.

To accurately describe the LS process of a particulate 
polymer and the laser interaction, the flow behaviour of 
the material during contact (contact rheology) is a relevant 
characteristic to be explored as a function of the energy 
absorbed from the incident beam. An increasing number 
of studies have investigated sintering and heat transfer of 
polymer powders [2–5], either using the discrete element 
method (DEM) [6–9] or the finite element method (FEM) 
[10], and by including the laser beam as a Gaussian heat 
source function [11–13]. Nonetheless, these descriptions 
of polymer sintering present a discrepancy compared to 
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experimental data due to the transient contact rheology, 
thermal properties and material degradation state that 
polymers suffer while flowing and for which the afore-
mentioned descriptions are unable to predict. For instance, 
Hejmady et al. [14] showed that the sintering kinetics is 
determined by a complex interplay between the sintering 
mechanisms caused by the relaxation times of polymers, 
such as polystyrene, and the time-dependent temperature 
profile which also affects the polymer flow resistance. 
Even further, the model implemented to describe the neck 
growth disagreed with the experimental observations due 
to the aforementioned events. Polychronopoulos et al. [15] 
proposed a model for neck growth by assuming planar 
extensional flow for a Newtonian fluid, which results were 
compared with experimental data on polymer particles. 
Even though the predictions showed relatively good agree-
ment on the densification rates, it was less accurate for the 
neck growth rate itself.

In this investigation, we conduct a numerical study of 
neck growth in polymer powders during laser sintering. Ini-
tially, we include the visco-elasto-plastic discrete element 
model, proposed by Luding et al [16, 17], into the direct 
heat transfer model of conduction, convection, and radia-
tion, developed by Peng et al. [18]. This thermo-mechanical 
model is implemented in MercuryDPM [20], an open-source 
software package, introducing a novel feature for multi-phys-
ical particle simulations.

Subsequently, we propose a new contact model for sinter-
ing, based on the work of Lin et al. [19] who proposed that 
the rate of sintering in viscoelastic particles is driven by at 
first by adhesive contact forces, then adhesive intersurface 
forces, and finally surface tension. To ensure the conserva-
tion of mass, we extend Lin’s sintering model by allowing 
the particle radius to grow during the sintering process, as 
proposed by Pokluda et al. [20]. As a consequence, a new 
model parameter, named fluidity, is introduced to control the 
flow rate as a function of time and temperature.

Then, we present a novel ray-tracing approach for laser 
energy absorption. This approach simulates the way light 
travels inside an overlapping set of particles. Consequently, 
the energy absorption from a laser beam is defined as a 
function of particle-particle interpenetration. This function 
allows for the computation of the temperature increment that 
particles experience at every time step during the simula-
tions when the laser is active, which is needed to activate 
the sintering process.

Finally, we calibrate the model parameters using experi-
mental data collected from literature [14, 21]. Our simula-
tions incorporate a novel approach developed by Cheng et al. 
[22, 23] that recursively infers the probabilistic distribution 
of a set of parameters based on reported observations related 
to neck growth and temperature evolution during the laser 
sintering of PA12 and PS particle pairs.

2  Experimental data

Experimental data on laser sintering of PA12 and PS par-
ticle pairs were reported by Hejmady et al. [14, 21]. The 
authors measured the neck growth rate of particle pairs 
under different conditions and laser set-ups. Thus, several 
case studies were discussed in detail such as the effect 
of particle size, heating chamber temperature, laser pulse 
duration and laser energy. In this work, we have collected 
the reported information on the effect of laser energy on 
the neck growth of particle pairs and the temperature 
evolution of the system during the laser interaction. Fig-
ure 1 depicts a schematic illustration of the experimental 
procedure.

Two particles of similar size are positioned on a sub-
strate within a heating chamber. The interface between the 
particles is aligned with the laser beam, as well as with the 
optical focus. A laser pulse is then directed locally at the 
contact point between the particles, and the neck sintering 
is captured through optical imaging. Table 1 summarizes 

Fig. 1  Schematic representation of the experimental procedure

Table 1  Material properties and laser configuration

Property, symbol - units PA12 PS

Radius, Ri - [ �m] 125 60
Density, � - [kg/m3] 1020 1040
Thermal conductivity, kcond - [W/(mK)] 0.240 0.167
Thermal expansion, �aT - [1/◦C] 1.0 × 10−4 1.7 × 10−5

Heat capacity, cp - [J/(kg K)] 1200 1320
Surface tension, � - [mN/m] 34.3 35.6
Young’s Modulus, E - [MPa] 1650 1226
Poisson’s ratio, � - [-] 0.34 0.35
Chamber Temperature, Tc - [ 

◦C] 155 53
Pulse duration, tL - [ms] 1 800
Laser radius RL - [ �m] 15 20
Laser irradiated energy, Ein - [ �J] 192 19–27
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the properties of the polymers and laser set-up used in the 
experimental configuration [14, 21].

The pulse duration and laser irradiated energy in both 
experiments are different, as indicated in Table 1. In the 
case of PA12 particles, sintering occurred around the melt-
ing point ( Tmelt ∼ 180 ◦C ), predominantly during the cooling 
stage. This configuration closely approximates the thermal 
evolution of a real 3D printing process. Conversely, PS par-
ticles were sintered slightly above the glass temperature 
( Tg ∼ 62 ◦C , Tmelt ∼ 100 ◦C ) and during the pulse duration, 
while the laser was still active. This configuration facilitated 
a slower sintering process, while still imparting sufficient 
energy for particle pairs to undergo sintering under the influ-
ence of surface tension.

3  Methods

This section describes the discrete element model (DEM) 
used to simulate the sintering of particles by a laser beam, 
which is based on momentum and heat balance [16, 18], 
implemented in MercuryDPM [24].

3.1  DEM and heat transfer

To model heat transfer using a DEM framework, the descrip-
tions of conduction, convection and radiation proposed by 
Peng et al. [18] are utilised. The particles physically need to 
come into contact, see Fig. 2 (left). Conversion of heat and 
balance are employed to estimate the change of tempera-
ture of a particle i of radius Ri , with the assumption of no 
temperature gradient within a particle, verified in Sect. 4.2.

In the following, we will assume that the laser heat is 
applied instantaneously, and thus only affect the initial con-
ditions. Therefore, we assume that there is no heat source 
and the evolution of particle temperature is described by

where mi is the particle mass, cp,i is the heat of material, 
and Ti , Tj are the temperatures of particles i, j, respectively. 
kcond is the conductivity of material, lij the distance between 
the centers of particles, Qi represent the external heat fluxes 
associated to particle i by convection ( Qi,conv ) and radiation 
( Qi,rad ) with units [W] , and n is the number of interacting 
neighbors of particle i. The area of heat transmission, aij , 
can be correlated to the overlap �ij = (Ri + Rj) − (ri − rj) ⋅ n , 
where ri is the position of particle i with unit vector 
n = (ri − rj)∕|ri − rj| , and the effective particle radius 
Rij = RiRj∕(Ri + Rj ), so that:

for 𝛿ij ≪ Rij.
The convective heat transfer can be expressed as:

where Ai is the surface area available on particle i, with Ti , 
ki,conv is the convective heat transfer coefficient, Tf  is the sur-
rounding temperature, and Qi,conv represents the heat flux of 
particle i with the environment.

The radiative heat transfer is expressed as:

where � = 5.67 × 10−8 W∕m2K4 is the Stefan-Boltzmann 
constant, � represents the emissivity with dimensionless 
quantity, and Ti,local is the temperature of the environment.

Subsequently, the motion of particles is solved based on 
Newton’s equations of motion, where the corresponding 
translational and rotational degrees of freedoms are simul-
taneously updated with Eq. (1), which are expressed as,

where r̈i is translational acceleration, mi mass of the particle 
i, g acceleration due to gravity, f n

ij
 force at contact with par-

ticles. �̈�i is angular acceleration, rij the branch vector directed 
from the center of particle i to the contact point with particle 
j, and Ii is the mass moment of inertia of particle i.

For the inter-particle collision, the temperature depend-
ence contact model proposed by Luding [16] is used, see 
Fig. 2, (right). The normal force f n

ij
 describes the interac-

tion as:

(1)micp,i
dTi

�t
+

n∑
j=1

ki,cond(Tj − Ti)
aij

lij
= Qi,conv + Qi,rad,

(2)aij ≃ 2�Rij�ij,

(3)Qi,conv = ki,convAi(Tf − Ti),

(4)Qi,rad = ��Ai(T
4
i,local

− T4
i
),

(5)mir̈i = mig +
∑
j

f n
ij

(6)Ii�̈�i =
∑
j

(rij × f n
ij
),

Fig. 2  (Right) Two particle contact with overlap � . (Left) Thermo 
visco-elastoplastic contact law. The contact displacement is related 
to � (overlap) and the normal contact force f n . Right/left-pointing 
arrows are used to distinguish the forces obtained during the load-
ing and unloading stages, respectively. The dotted line represents the 
loading stiffness k

1
 variation according to the increment of tempera-

ture T, k
2
 is the unloading stiffness, kc is the cohesive stiffness
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The computation of the repulsive visco-elastoplastic forces 
f n
ij

 during sintering is governed by the loading stiffness 
k1(T) . It decreases as T approaches the melting point of a 
material, and therefore, the material can deform significantly 
so that the contact area becomes larger at the contact. The 
dependency of k1 on T may be described as:

where Tvar defines the range of temperatures in which the 
melting takes place. In the transition regime where 
∣ Tmelt − T ∣ ∕Tvar , the particles are significantly softer than 
in the cold limit Tmelt − T ≫ Tvar . Subsequently, the unload-
ing process follows the slope of k̂2 , which varies between 
k1(T) at a given temperature and a constant k2 , depending on 
the plastic deformation at zero force �0

ij
 . Note that k2 is not 

changed directly when T increases. For overlaps smaller than 
�max
ij

 , the unloading stiffness is interpolated linearly between 
k2 and k1(T) as:

where �f =
3
√
2 and Rij represents the effective particle 

radius. After the contact force becomes negative, for 𝛿ij < 𝛿0
ij
 , 

the model introduces a cohesive force limited by the cohe-
sion stiffness kc.

The additional adhesive force f a
ij
 is assumed constant in 

Eq. (7). In the case of collisions of particles and large defor-
mations, dissipation occurs due to the hysteretic nature of 
the force-law described by a viscous, dissipative, velocity-
dependent force �nvn

ij
 , with �n as the viscous dissipation coef-

ficient. This coefficient is related to the restitution coefficient 
e as �n =

√
2mk1∕(

√
� +

√
log e) log e , and therefore, this 

(7)f n
ij
=

⎧
⎪⎨⎪⎩

k1(T)𝛿ij if 𝛿ij > 𝛿max
ij

k2(𝛿ij − 𝛿0
ij
) if 𝛿min

ij
< 𝛿ij ≤ 𝛿max

ij

−kc𝛿ij if 0 < 𝛿ij ≤ 𝛿min
ij

⎫
⎪⎬⎪⎭
− f a

ij
− 𝜂nvn

ij
.

(8)k1(T) =
k1

2

[
1 + tanh

(
Tmelt − T

Tvar

)]
,

(9)k̂2 =

{
k1(T) + (k2 − k1(T))

𝛿max
ij

𝜙f Rij

if 𝛿max
ij

< 2𝜙f Rij

k2 if 𝛿ij ≥ 𝛿max
ij

}
,

force-displacement model depends only on particle mass, 
not relative velocity.1

Finally, if particles are heated their volume increase so 
that their density decrease. Thus, we assume that the particle 
radius changes in linear approximation as

with the relative change of the radius per unit temperature 
�aT.

3.2  Contact rheological model for polymer 
sintering

The sinter bonding of polymer particles occurs between 
their glass transition and melting points, resulting in the 
formation of necks that reduce surface area and lower sur-
face energy. The necks grow through atomic-level transport 
of polymer chains along grain boundaries and bulk grain. 
Various mechanisms influence sintering, with visco-elastic 
deformation and viscous flow being the most dominant for 
polymer particles [19, 25, 26]. Figure 3 illustrates the stages 
of a polymer sintering process.

The mechanisms for the polymer sintering process 
involve three stages: surface contact, neck formation and 
neck growth. First, the surface contact represents the adhe-
sion stage, in which the particles first attract each other via 
van der Waals adhesion forces. Second, neck formation 
occurs while the visco-elastic deformation is balanced by 
quick intersurface adhesive forces during the material’s 
unrelaxed state. The last stage corresponds to the relaxation 
of molecular rearrangement, and is related to the action of 
surface tension in the viscous flow regime. By defining the 
evolution of contact radius aij∕Rij during the three mentioned 
stages, it is possible to include each stage into a DEM 
approach correlating the particle-particle overlap �ij during 
the computation of the normal force f n

ij
 , see Eq. (7). Our 

previous investigation has discussed mathematically aij∕Rij 
for polymer sintering, and therefore, the reader is referred to 
[25] for more details. Nonetheless and most important, the 
latest stage of the process (3) is improved with 

(10)Ri(T) = Ri(Tmelt)[1 + �aT (Tmelt − T)],

Fig. 3  Schematic illustration of 
the polymer sintering process. 
(1) Surface contact. (2) Neck 
formation. (3) Neck growth. R 
represents the particle radius, 
a is the contact radius, � is the 
angle of intersection

1 This is a particular case by assuming k
1
= k

2
.
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Frenkel-Pokluda model [20], leading to a dependent fluidity 
C1,2 a new time and temperature-dependent parameter. Fig-
ure 4 illustrates the sintering regime map, remarkably con-
trolled by only one parameter C1 , at the last stage.

In stage 1, the non-dimensional neck radius a1
ij
∕Rij was 

derived by Johnson, Kendall, and Roberts [27] at very short 
times ( t ≪ t0 ) for the equilibrium deformation of two elastic 
bodies under the influence of surface tension. Thus, the elas-
tic repulsion using the Hertz equation is balanced by the 
adhesive traction of the particles, giving as:

where � is the surface tension, � the Poisson’s ratio, and E 
the Young’s modulus. Within this adhesive stage, the con-
tact radius is not time-dependent due to the time-invariant 
modulus, which is that of a glassy solid, and a very rapid 
swing-in period, which is neglected.

In stage 2, for intermediate times in the interval 
t0 < t < tvis , the second stage of neck growth is due to visco-
elastic deformation of the particles balanced by inter-surface 
adhesive forces acting in the region around the contact area, 
the growth of contact radius a2

ij
 is predicted to be:

(11)
a1
ij

Rij

=

(
9�(1 − �2)�

ERij

)1∕3

,

where the separation distance �c is specified to ensure the 
work of adhesion, defined as the range of the adhesive force, 
and t is time. For this, two main phenomena required being 
involved while the visco-elastic particles are bonding: creep 
compliance and stress relaxation. First, creep C(t) quanti-
fies the capacity of a material to flow in response to a sud-
den applied stress. Second, stress relaxation indicates the 
moment at which a visco-elastic material relieves stress 
under strain. Therefore, the strain rate � is a function of 
time under instantaneous application of constant stress � , 
expressed in a non-Hookean fashion as:

The contact creep compliance is a useful metric that quanti-
fies a unique mechanical response, defined by

where C0 = (1 − �2)∕E represents the instantaneous compli-
ance, C1 is a material property, called “fluidity” in our work, 
and 0 < m < 1.

In stage 3, the growth of the contact radius a3
ij
 was initially 

derived by Frenkel [28], showing that for a Newtonian fluid, 
the evolution of a3

ij
 may fulfil a scaling law. It is by equating 

the rate of surface tension work to the viscous flow energy 
dissipation rate, giving

Frenkel’s model has been used to describe the sintering rate 
on the early stage of the process. In contrast, Pokluda et al. 
[20] developed a sintering model considering the variation 
of the particle radius with time, and for which this investi-
gation is used. For that, the relation for the particle radius 
Rij(t) versus the sintering angle �(t) can be obtained from 
the conservation of mass with the assumption of a constant 
density as:

where R0 is the initial particle radius, see Fig. 3. Thereby, 
the work of surface tension Ws is defined as:

where S = 4�R2
ij
(1 + cos(�)) . Thus, the work of surface ten-

sion depends solely on the rate of surface reduction rather 
than on the surface curvature. Considering the variation of 

(12)
a2
ij

Rij

=

(
63�3

16

)1∕7(
�c

Rij

)2∕7(
2C1�t

Rij

)1∕7

,

(13)�(t) = C(t)�.

(14)C(t) = C0 + C1t
m,

(15)
a3
ij

Rij

=

(
8�C1t

Rij

)1∕2

.

(16)Rij = R0

[
4

(1 + cos(�))2(2 − cos(�))

]1∕3
,

(17)Ws = −Γ
dS

dt

Fig. 4  Sintering regime map with three mechanisms for flow simula-
tion: (1) adhesive contact, (2) adhesive inter-surface forces, and (3) 
surface tension. If t < t

0
 , a1ij∕Rij is a constant derived from JKR theory. 

For intermediate times t
0
< t < tvis , a power-law behaviour emerges, 

a2ij∕Rij ∼ t1∕7 , exhibiting only weakly time-dependent growth. For 
t > tvis , Frenkel model a3

ij
∕Rij ∼ t1∕2 (black dashed line), or Frenkel-

Pokluda model a3ij∕Rij ∼ sin(�(t)) (blue dashed line), indicative of vis-
cous sintering, which results in faster growth

2 Fluidity, C
1
 , is the term adopted to describe the non-opposition to 

flow.
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the particle radius with time, the expression of the work of 
surface tension becomes:

The work of viscous forces, assuming flow field as exten-
sional and for Newtonian fluid, can be expressed as:

where �̇� is the strain rate, assumed to be constant throughout 
the complete domain [20], and was approximated by

By equating the work of surface tension to the viscous dis-
sipation, knowing that Γ∕� = 8C1� , Pokluda et  al. [20] 
obtained

Considering that 𝜃 > 0 and applying the initial condition 
�(0) = �0 = 0 , the corresponding Frenkel model is obtained.

Once the solution for the evolution of the sintering angle 
with time is obtained, the evolution with time is derived 
[20],

Assuming that the surface tension � is constant in Eq. (22), 
fluidity C1 can be controlled as a function of temperature to 
decrease the degree of sintering.

(18)Ws = Γ
8�R2

0
21∕3 cos(�) sin(�)

(1 + cos(�))4∕3(2 − cos(�))5∕3
d�

dt

(19)W𝜈 = 32𝜋R3
0
𝜂�̇�2

(20)−2�̇� ≈
d(Rij cos(𝜃))∕dt

Rij

(21)
d�

dt
=

8�C1

R0

2−5∕3 cos(�) sin(�)[2 − cos(�)]1∕3

(1 − cos(�))(2 − cos(�))1∕3
.

(22)�(t) =

(
8�C1t

R0

)1∕2

.

(23)
a3
ij

Rij

= sin(�),

(24)
a3
ij

R0

= sin(�)

[
4

(1 + cos(�))2(2 − cos(�))

]1∕3
.

To include a1
ij
, a2

ij
 , and a3

ij
 in the contact description 

(Eq.(7)), we compute the rate of the plastic overlap �̇�0
ij
 . 

Knowing that the overlap between the particles nearly 
equals the plastic overlap, �ij ≈ �0

ij
 for stiff particles 

(k1 ≫ (f n
ij
+ f a

ij
)∕Rij) , the contact radius may be approxi-

mated as aij∕Rij ≈
√

�ij∕Rij  (small overlaps 𝛿0
ij
≪ Rij ). It 

can be controlled by setting the growth rate �̇�0
ij
 according 

to Eqs. (11), (12), and (24).

3.3  Ray tracing approach for laser energy 
absorption

An absorption model is needed to describe the interac-
tion of a laser source and the particles. According to 
the Beer-Lambert law, the decrease of attenuation of the 
light intensity while propagating inside a material can 
be described as:

where I0 is the initial light intensity, � represents the attenu-
ation coefficient of a material, x is the path. Yaagoubi et al. 
[29] presented a model to describe the laser as a set of rays, 
where each ray is traced along the path that it follows, with 
step size Δl and by which particles it is absorbed, until it 
is completely absorbed or has left the material. However, 
the equation only applies to 2D cases. In our study, the 3D 
equation to determine the starting intensity of each ray is 
based on a Gaussian laser profile, scaled such that the total 
intensity of all rays equals 1 and set to:

(25)I(x) = I0e
−�x,

(26)

I0
(
d,Rlaser,Nray

)
=

2

Nray

(
1 −

1

e2

)e
−2d2

R2
laser , if d < Rlaser, 0 else,

Fig. 5  a A laser beam repre-
sented by several light rays 
interacts with a particle, causing 
the rays to be split into reflected 
and refracted rays. b The ray 
tracing simulation is set with 
material, laser parameters and 
model configuration such as 
the number of rays Nrays , step 
size Δl , dissipation threshold 
�thershold

Table 2  Optical interaction coefficients

Property, symbol - units PA12 PS

Refraction index, n [-] 1.525 1.5997
Attenuation coefficient, � [ m−1] 33500.0 27400.0
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where Nray represents the number of rays, d is the distance 
from the laser centre perpendicular to the propagation direc-
tion, and Rlaser is laser radius. The implemented ray tracing 
model, whose accuracy depends on the number of rays, step 
size Δl, and dissipation threshold �threshold , is documented 
and can be downloaded via Github.3 Figure 5 illustrates the 
approach, implemented in MercuryDPM.

Since each simulation in the ray tracing approach is per-
formed for a single time step, the simulations provide the 
amount of energy that particles absorb in each time step 
using the momentum of particle-particle interpenetration. 
This allows for the computation of the heating rate of a cer-
tain particle, which is given by,

where Ein is the total irradiated laser energy, eabs the por-
tion of absorbed energy out of the total incoming energy, 
Δt the time step, m and cp are mass and heat capacity of the 
particle.

4  Results and discussion

This section presents a computational analysis of the con-
tact rheology of visco-elastic powders during laser sintering, 
using the experimental data on PA12 and PS discussed in 
Sect. 2, and earlier reported in [25]. The analysis begins with 
ray tracing simulations to determine the amount of energy 
absorbed by the particles when irradiated by the laser beam. 
Next, the neck growth and the calibration procedure used.

4.1  Absorption analysis

To determine the portion of energy absorbed ( eabs ) by par-
ticles while a laser beam irradiates the surface, ray trac-
ing simulations are conducted (see Sect. 3.3). First, the 

(27)
ΔT

Δt
=

Eineabs

mcp
,

refraction index and the attenuation coefficient of PA12 and 
PS are extracted from the literature [21, 30], as summarized 
in Table 2.

It is noticed that PA12 presents a larger attenuation coeffi-
cient compared to PS, i.e. the incident energy beam becomes 
more attenuated as it passes through the material, and there-
fore, more energy would be absorbed by this polymer per 
length. Subsequently, the laser spot radius is set to 15 �m 
and 20 �m for PA12 and PS, respectively, according to the 
experimental data (Table 1). The laser beam has an angle of 
incidence of 60◦ related to the particle bed surface normal. 
It is also assumed that the bed perfectly reflects the light 
rays and the laser impacts precisely at the contact point of 
the two adjacent particles. The temperature is homogene-
ously diffused inside the particles as suggested by Balemans 
et al. [11]. Finally, the ray tracing discretization parameters 
are set to Nrays = 10000 , step size Δl = 10% , and a dissipa-
tion threshold �thresh = 1% . The parameters were tested and 
adjusted until the simulations converge with less than 1% of 
variation. The ray tracing simulation for a PA12 particle pair 
is illustrated in Fig. 6.

Fig. 6  Ray tracing simulations for PA12 particle pairs, depicting incident beam rays onto two spherical particles at different overlaps: a 
�ij∕2Rij = −1∕3 , b �ij∕2Rij = 1∕20 , c �ij∕2Rij = 1∕3 , d �ij∕2Rij = 1∕2 , e �ij∕2Rij = 1

Fig. 7  The absorbed energy portion of a particle in pair, as a function 
of overlap �ij∕2Rij , where contacts are positive. Squared shapes repre-
sent the results using PA12 properties while triangle shapes indicate 
the computations using PS properties3 https:// github. com/ BertN ijkamp/ Laser- Beam- Absor ption.

https://github.com/BertNijkamp/Laser-Beam-Absorption
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Figure 6 shows the simulation of ray tracing while 
particle pairs are overlapping from �ij∕2Rij = −1∕3 to 
�ij∕2Rij = 1.0 , being �ij∕2Rij the relative overlap if posi-
tive. The simulation shows differences in light reflection 
when the relative overlap is varied. For instance, a rela-
tively big portion of the energy is reflected away from 
the top at �ij∕2Rij = 1∕20 , and the light rays are more con-
verging to each other when �ij∕2Rij ≈ 1 . It is evidenced 
that the energy absorbed by a polymer not only depends 
on the shape on which the laser impacts but also on the 
amount of overlap caused by sintering. Subsequently, the 
absorbed energy portion eabs can be defined as a function 
of particle overlap �ij∕2Rij , as depicted in Fig. 7.

Figure  7 shows that PA12 absorbs slightly more 
energy ( 2 ∼ 3% ), as it attenuates stronger compared to 
PS. The amount of absorbed energy for both materials 
is higher when the particles are in contact �ij∕Rij ≥ 0 , as 
the area to irradiate increases, and therefore, the particles 
absorb more energy. With increasing distance between 
the particles 𝛿ij < 0 , less incident bean rays irradiate the 
particles, as depicted in Fig. 6. Furthermore, the two 
systems absorb the incident energy differently. For PA12, 
the highest absorption is identified at the initial con-
tact �ij∕2Rij = 0 , and it decreases with particle overlap 
up to 30% , the moment at which the absorbed energy is 
constant, losing about 5% of the initial laser irradiated 
energy. For PS, the highest absorption is at the initial 
contact with 1 − 3% of loss compared to the incident 
energy, it fluctuates, until reaching its asymtotic limit at 
> 45% of the overlap, leading to a 7% loss of total energy. 
The fluctuating behaviour in the case of PS material is 
the consequence of the smaller particle radius ( 60 �m ), 
the lower attenuation coefficient, and also due to internal 
reflections of the beam inside the particle. It is relevant 
to mention that the curvature effect at the particle con-
tact does not significantly affect light propagation. Since 
our ray tracing simulations are conducted for equal sized 
spheres, the rays may bend uniformly. Future studies can 
focus on different particle sizes and the consequence 
bending of light.

The absorbed energy curves presented in Fig.  7, 
are set into MercuryDPM as a simple polynomial fit, 
eabs(�ij∕2Rij) . Due to the usage of these fitting, the sinter-
ing simulation in MercuryDPM does not need to perform 
a ray tracing simulation, simply the polynomial equation 
can be used to calculate the relative amount of absorbed 
energy per time step, decreasing the computational cost. 
Once the sintering simulation starts, the temperature of 
the system is updated every time step according to the 
laser irradiated energy Ein , pulse duration tL (reported 
in Table 1) and the modes of heat transfer (conduction, 
convection and radiation), see Eq. (27).

4.2  Neck growth contact rheology

Laser sintering of powders is a multi-physics process that 
involves three different time scales. First, the time scale 
from the laser energy source, in which the laser is active. 
Here, we model the absorption process by the ray tracing 
approach, which assumed the absorption to occur instanta-
neously. Secondly, the time scale of heat diffusion, which 
is described throughout particle contacts using DEM for 
heat transfer problems. We also assume this process acts 
instantaneously and attributes an uniform temperature 
within each particle. Thirdly, the time scale from the neck 
formation, which is addressed by the current sintering 
regime map (Fig. 4). The later stage depends on the con-
tact rheology of the material, and therefore it is strictly 
necessary to be defined as evidenced by experimental data 
[14, 21, 31].

The assumption of the uniform temperature inside each 
particle applies to all simulations. To determine the valid-
ity of this assumption, the thermal resistance of a polymer 
powder can be analysed based on the Biot number (Bi) 
[32, 33], being estimated as:

where h is the heat transfer coefficient, Lc is the character-
istic length scale which is defined as volume/surface area, 
and R is the particle radius. kcond represents the thermal con-
ductivity of the particle. For the case of PA12 and PS par-
ticles, Bi ≪ 0.1 , which indicates that the intraparticle heat 
transfer resistance is small compared to the external resist-
ance around the particle [18]. In other words, the interior 
of the particles can be considered to be at a nearly uniform 
temperature.

Subsequently, to calibrate the contact rheology of PA12 
and PS for sintering simulations, the open-source package 
GrainLearning [22] is utilised. It finds the most likely set 
of model parameters that reproduce the experimental data, 
based on constrained conditional probability distributions. 
The calibration package GrainLearning is a Bayesian cali-
bration tool for estimating micro-parameter uncertainties 
in mechanical models. It uses the recursive Bayes’ rule to 
quantify the evolution of the probability distribution of 
parameters over data history. The coupled implementation 
with MercuryDPM is illustrated in Fig. 8.

Using the experimental data on the evolution of the neck 
growth and temperature evolution during laser sintering, 
reported by Hejmady et  al. [14, 21], our DEM model 
requires the calibration of fluidity C1 , surface tension � , 
loading stiffness k1 , thermal convectivity kconv and emis-
sivity � . For this, an initial parameter space is defined as 
reported in Table 3.

(28)Bi =
hLc

kcond
=

h(R∕3)

kcond
,
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The remaining contact parameters are summarized in 
Table 4 [16, 34]

To simulate the visco-elastic sintering of polymer pow-
ders, a pair of 3D spheres of equal diameter is placed next 
to each other with non-zero overlap between them, as visu-
alized in Fig. 8. The particles are set just in contact at time 
t0 ; the gravitational force is neglected. A small adhesive 
force f a = k1�a is set to the particles to start the motion, 
where �a = 1.0mm . The range of softening is Tvar = 10 ◦C 
with respect to the melting temperature of the material. Six 
iterations have been defined for the calibration procedure 
with eighty samples in each iteration for both PA12 and PS 
models. The normalized covariance parameter at the first 
iteration is set to 0.7, resulting in an effective sample size of 
the Bayesian calibration larger than 20% . Figure 9 shows the 
iterative calibration procedure for the PA12 model.

The illustration of the re-sampling process presented in 
Fig. 9 depicts the posterior modes localized progressively 
after each iteration. The agreement of the posterior expecta-
tions before and after one iteration of Bayesian filtering is 
adopted as the convergence criterion. The posterior expecta-
tion of each micro-parameter converges after the fifth itera-
tion. Note that if the initial guesses for the model parameters 
are not able to capture at least one posterior distribution, 
the re-sampling scheme could explore outside the parameter 
ranges specified at the first iteration. The key to iterative 
Bayesian filtering is the ability to re-sample from a proposal 
density, that is, the posterior distribution or modes obtained 
from the previous iteration, for the following iteration. Over 
iterations, the proposal density is progressively localised 
near the posterior modes. Table 5 summarizes the calibrated 
parameters. Consequently, the DEM results are reported.

Fig. 8  Flowchart illustrating the 
iterative coupled implementa-
tion using MercuryDPM and 
GrainLearning. The parameter 
space is initially set at iteration 
i = 0 and progressively updated 
until convergence is achieved

Table 3  Parameter space

C
1
 - [ 1∕(Pa s)] � - [N/m] k

1
 - [N/m] k

conv
 - [W/

(mK)]
� [-]

0.001 − 0.1 0.01 − 0.05 0.0001 − 0.003100 − 1000 0.1 − 1.0

Table 4  System parameters

k
2
 - [N/m] k

c
 - [N/m] �

c
 - [ m−1] e - � [-]

5.0 k
1

2.0 k
1

1.0/4.0R 0.15 3
√
4

Fig. 9  Calibration of model parameters for sintering simulations 
of PA12 particle pairs. Layers indicate the space of the parametric 
sample at every iteration, being the first layer of the initial paramet-
ric space. Blue dots represent the sample points, which progressively 
converge to a narrowed area. Red dots represent the last estimation of 
the parameters at the last iteration

Table 5  Calibrated parameters Property - units PA12 PS

Irradiated energy, E
in

 - [ �J] 192.0 19.0 21.0 23.0 25.0 27.0

C
1
 - [ 1∕(Pa s)] 3.41 0.03 1.92 7.36 21.51 72.8

� - [mN/m] 48.56 50.09 42.42 42.19 25.72 24.71
k
1
 - [mN/m] 1.67 0.11 0.11 0.12 0.12 0.148

kconv - [W/(mK)] 635.73 304.10 334.4 301.11 309.2 304.74
� [-] 0.164 0.21 0.275 0.76 0.805 0.814
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It is noticed from Table 5 that surface tension corresponds 
to the expected ranges of calibration [14], and it increases 
according to lower irradiated energies, indicating that the 
material opposes the flowability. Figure 10 presents the cali-
brated simulation of PA12 particle pairs at different snap-
shots and temperature evolution.

The simulation result of the temperature evolution on 
PA12 particles is presented in Fig. 11.

Three stages are indicated during thermal evolution. The 
heating stage, which increments quickly until the end of the 
pulse duration at t = 0.01 s . Then, the cooling stage starts 
from the maximum absorbed energy and decays exponen-
tially to the initial or chamber temperature at 0.6 s . It hap-
pens because once the particle absorbs the incoming energy 
and the laser is switched off, the dissipation by radiation 
and convection reduces the temperature of the system until 
it reaches the initial conditions. The maximum tempera-
ture distributed within the particles when the laser impacts 
the surface is around 5% of loss over the irradiated energy. 
According to the characteristic time for heat diffusion 
tdiff  [32], heat diffuses completely through the particles at 
t = 0.4 s , the moment at which the particles are to achieve 
the temperature of the holding period as indicated by the 
experimental data. It is shown that the heat transfer model 

describes the experimental data relatively well, with only 
a slightly faster cooling than expected during the cooling 
stage. While our simulation effectively captures the maxi-
mum temperature produced by an activated laser beam, the 
cooling rate reveals a dissipation of heat through convec-
tion and conduction at a faster rate, with approximately a 
2.5% error compared to experimental data. To enhance the 
precision of our heat transfer model, several refinements 
may be proposed. These include incorporating additional 
mechanisms such as conduction through the surrounding 
fluid, convection between fluid and solid particles, convec-
tion between fluid and wall, radiation between the solid par-
ticles and between fluid and solid particles. Integrating these 
refinements in future studies aim to provide a more com-
prehensive and accurate representation of the heat transfer 
dynamics using our model.

Subsequently, the neck growth of particle pairs (Fig. 10) 
is computed and the results presented in Fig. 12.

According to the experimental set-up, the sintering of 
PA12 particle pairs occurs principally during the holding 
stage ( t > 0.6 s ) after the temperature reaches the initial 
condition, as indicated by the horizontal arrow in Fig. 12. 
This is the consequence of letting the system remain at a 
temperature above the glass point, which allows the material 

Fig. 10  Image sequence of 
sintering PA12 particles of radii 
Ri = 125 �m . Temperature evo-
lution is recorded by the colour 
change from the first contact at 
t = 0.0 s to t = 0.7 s

Fig. 11  Temperature evolution while sintering PA12 particle pairs 
with Ein = 192 �J . Initial temperature is set to T

0
= 155 ◦C . Cross 

markers correspond to the experimental data extracted from [14], 
while the dashed line is the DEM simulation results

Fig. 12  Neck growth of PA12 particle pairs. The dashed line corre-
sponds to a calibrated DEM simulation, the solid line describes the 
modified Frenkel prediction using � = 270 Pa s , and crosses are the 
experimental data [14]
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to permanently deform under the influence of visco-plastic 
forces.

As indicated in Fig. 12, dynamics indeed initiate before 
the diffusion time, particularly evident in the experimental 
case of PA12 where particles undergo sintering more rapidly 
than the complete heat diffusion throughout the entire vol-
ume. It is important to note that while this limitation exists 
in our current Discrete Element Method (DEM) model, 
attempting to resolve temperature gradients inside particles 
would require a spatial discretisation within each particle, 
significantly increasing the computational complexity and 
falling beyond the scope of our present investigation. There-
fore, for the sake of model simplification, we assume that no 
temperature gradient exists inside the particles.

Frenkel’s model has been usually employed in the lit-
erature to describe sintering of particle pairs [28, 35, 36]. 
However, the model is only valid for the initial stage of the 
process as evidenced in Fig. 12, being fitted with a viscosity 

of � = 270 Pa s . Our proposed model evidences a better 
approximation during the whole process.

Similarly to PA12 particles, the simulations of PS pairs 
using the calibrated parameters reported in Table 5 are visu-
alized in Figs. 13 and 15.

As visualized in Fig. 13, faster sintering and higher inter-
penetration are achieved when higher laser intensities are 

Fig. 13  Imagine sequences of 
sintering PS particles of radii 
Ri = 60 �m . The temperature 
evolution is indicated by the 
colour change from the first 
contact at t = 0.0 s to t = 0.8 s , 
for different overlaps �ij

Table 6  Comparison between laser irradiated energy and energy por-
tion absorbed e

abs
 by particle pairs using the current ray tracing model

E
in

 [ �J] 27.0 25.0 23.0 21.0 19.0

eabsEin [ �J] 25.3 23.4 21.5 19.5 17.6
eabs [ %] 93.7 93.6 93.4 92.9 92.6

Fig. 14  Temperature evolution while sintering PS particle pairs. Ini-
tial temperature is set to T

0
= 53 ◦C . Cross markers correspond to the 

data extracted from [21], while the dashed and marked lines are the 
DEM simulation results
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applied. The laser hits the interface of the particles at t = 0 s , 
and the neck is formed which tends to grow up to the pulse 
duration of the laser beam at 0.8 s . Following the absorption 
analysis and experimental information, irradiating 27 �J on 
PS particle surface leads to the absorption of 93.7% of the 
incident energy. The energy absorbed under the different 
laser setups is summarized in Table 6.

The absorption analysis suggests that PS reflects around 
6% of the incoming energy, which is 1% more than predicted 
by Hejmady et al. [21]; the authors measured absorption on 
a flat polymeric surface.

The simulation result of the temperature evolution on PS 
particle pairs is presented in Fig. 14.

According to the experimental set-up, the sintering of PS 
particle pairs occurs slow and principally during the heat-
ing stage ( t < 0.8 s ). The DEM simulation and the absorp-
tion analysis predict the window in which the temperature 
evolves as a function of the irradiated laser energy, as 
reported by Hejmady et al. [21].

Subsequently, the evolution of the neck radius as a func-
tion of time is determined through particle-particle overlap. 
The result is presented in Fig. 15.

Figure 15 shows the effect of laser energy on the sin-
tering of particle pairs, which is maximum for the case of 
Ein = 27 �J that leads to overlap of the particles of 90% ; 
it reduces to around 25% when decreasing the irradiated 
energy to Ein = 19 �J . The stress relaxation for flowabil-
ity is achieved almost instantaneously after the consolida-
tion starts, letting surface tension dominate the process. 
This behaviour is expected since PS powders sinter faster 
compared to other polymers [25]. These simulations of 
particle pairs reveal the influence of the laser energy on 
the achieved neck radius. For the design of sintering pro-
cedures, a lower limit for solid-state sintering would be 

desirable ( a∕R > 0.7 ) to avoid breakage. A deviation in the 
simulations and experimental data is evidenced in the early 
stage t < 0.1 s . One possible reason could be the recording 
process that limits measurements in short time frames.

Crystallization can occur during cooling if the rate 
of temperature decrease is too high, especially for semi-
crystalline materials such as PS. Whereas the material 
contact rheology determines the kinetics of the sintering 
of the neck region, the crystallization kinetics will affect 
the solidification. We have neglected in our model any 
crystallization effect for brevity, and future studies can dis-
cuss crystallization models to describe the aforementioned 
phase, such as the proposed by Shen et al. [37].

Raising the laser power also enhances the flowability of 
the particles, a trend supported by the model parameter flu-
idity denoted as C1 , which exhibits a notable increase with 
the rise in irradiated energy. This relationship between 
fluidity C1 and Temperature is depicted in Fig. 16.

As the temperature within a polymer increases, the ther-
mal energy of the polymer chains also increases, leading 
to an increase in the kinetic energy of the molecules. This 
causes the polymer chains to vibrate more vigorously and 
move more freely, which in turn reduces the entanglement 
and cross-linking of the chains. This decrease in inter-
molecular forces reduces the viscosity of the polymer and 
increases its fluidity as illustrated in Fig. 16. The rela-
tionship between temperature and fluidity of polymers 
near their melting point can depend on several factors, 
including the specific polymer and its properties, such as 
molecular weight, degree of branching, and presence of 
cross-linking. Additionally, the conditions under which the 
polymer is being heated or cooled can affect its behaviour, 
including the heating rate and duration, as well as the cool-
ing rate. However, these details are beyond the scope of 
this study.

Fig. 15  Neck growth of PS particle pairs as a function of time, for 
different applied laser energies. The dashed lines correspond to cali-
brated DEM simulations, symbols are the experimental data from 
[21]

Fig. 16  Temperature-dependent fluidity values, C
1
 , of PS
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5  Conclusions and outlook

In this study, we developed a numerical approach utilising 
the discrete element method (DEM) to analyse the laser 
sintering process with a specific emphasis on neck growth 
contact rheology. This approach was integrated into the 
MercuryDPM software package.

First, we collected reported experimental data related 
to laser sintering. The experiments recorded the neck 
growth and temperature evolution of PA12 and PS particle 
pairs undergoing sintering via laser beam; for PA12, this 
occurred above the melting point, whereas for PS, it took 
place above the glass transition temperature.

Second, we developed a multi-physics DEM model. 
This model accounted for the intricate thermal energy 
balance resulting from particle contact with thermal dis-
ruption, including mechanisms such as conduction, con-
vection, and radiation. Additionally, we incorporated the 
external influence of a laser beam through a ray tracing 
approach. To enhance the capability of our model, we 
introduced a novel sintering description that encompasses 
three distinct mechanisms to simulate the contact rheology 
of visco-elastic particles.

Finally, guided by the experimental data, we conducted 
simulations using the GrainLearning package. These simula-
tions required the calibration of model parameters, includ-
ing surface tension, stiffness, thermal convection, emissivity, 
and fluidity. The outcomes of these simulations presented 
good agreement with the temperature evolution recorded 
experimentally, as well as the dependence of energy absorp-
tion on facilitating neck growth on the particle pairs. Nota-
bly, our investigation revealed that fluidity, a key parameter 
controlling sintering rates, exhibited an increasing behaviour 
concerning high temperatures. This suggests that the domi-
nance of the flow phase, driven by surface tension, mitigates 
geometric variations, such as thermal expansion. It is impor-
tant to note that the performance of our DEM model may 
vary for different materials, such as metals or ceramics, and 
further evaluation can be conducted to assess its predictive 
capabilities across diverse materials.

The experimental results indicated that low contact pres-
sure did not diminish heat conductance; instead, it show-
cased the efficiency of the materials to conduct heat. Several 
contributing factors were identified, including localised heat-
ing that precisely defined the sintering zone, concentrating 
heat in specific regions, and optimising the overall efficiency 
of the sintering process. The laser beam’s high energy den-
sity facilitated in accelerating the heating process, promoting 
rapid absorption, and enhancing heat conductance. Addi-
tionally, the reduced thermal inertia associated with small 
particle size enhanced faster temperature changes, contribut-
ing to efficient heat transfer during sintering.

Furthermore, the experiments revealed that radiation 
played a negligible role due to the limited temperature differ-
ence between particles and the heating chamber. Controlled 
atmospheric conditions mitigated the relevance of fluid 
flow, while the rearrangement of particles either by thermal 
expansion or contraction did not adversely affect the results, 
given the configuration setup and particle characteristics.

Further work can focus on exploring the influence of dif-
ferent mechanical properties like crystallinity, and particle 
properties such as particle size, poly-disperse size distribu-
tions, and the bulk volume fraction on sintering. Addition-
ally, exploring changes in material properties, for example 
friction as a function of temperature, could enhance the 
model’s accuracy, particularly near phase transitions, where 
such variations may significantly influence particle interac-
tions and sintering behaviour.
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