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This work provides a novel discrete element method (DEM) framework for modelling the visco-elastic sintering
kinetics in virgin and aged polymer powders. The coalescence of particle pairs, over long times, is described by a
combined three-stagemodel of the sintering process, where each stage is dominated by a different driving force:
adhesive contact force, adhesive inter-surface force and surface tension. The proposed framework is imple-
mented in MercuryDPM, an open-source package for discrete particle simulations. To quantitatively calibrate
the particle-scale parameters, Bayesian filtering is used. Experimental data on Polystyrene (PS), Polyamide 12
(PA12), and PEEK powders, both virgin and aged, are analysed and confirm over a wide range of times the exis-
tence of the three distinct sinteringmechanisms. In good agreement with the experimental observations, the es-
timation of sintering time is achieved with a significant accuracy compared to Frenkel's model. This study
provides an efficient and reliable approach for future studies of strength evolution in powder-bed fusion
processes.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Selective laser sintering is a modern technique to build 3D objects
from visco-elastic powders. In the process, a laser beam heats selected
particles resulting in solid sinter-necks at the contact points. It leads to
a solidified surface layer, which is augmentedwith new powder deposi-
tion and their respective sintering. If the cohesion between particles is
weak, texture defects arise on the sintered object such as delamination,
distortion and dimensional inaccuracies [1,2]. Furthermore, external ef-
fects from powder spattering and laser socking may induce additional
forces along the cohesion. Therefore, an appropriate sintering time
needs to be set to ensure sufficient cohesion among the particles. This
sintering time depends on the powder properties and the specifications
of the laser beam.

To predict sintering, Frenkel's model is commonly employed [3].
This model describes the rate of sintering between adjacent particles
by equating the rate of work done by surface tension to the rate of en-
ergy dissipation due to viscous flow. It results in a power law, which re-
produces the neck-growth kinetics at constant time. However,
predictions based on Frenkel's model disagree with experimental
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observations in the early stage of visco-elastic sintering [4–7]. The rea-
son is that a single power law does not account for the non-linear be-
haviour in visco-elastic powders. To overcome this fact, Lin et al. [8]
introduced a time-dependent neck growth model that depends on
three sintering mechanisms. First, the neck radius is determined using
a global energy balance, equating the work of adhesion to the change
of potential energy [9]. Second, the neck growth is driven by adhesive
inter-surface forces, accommodated by visco-elastic deformations.
Third, the sinteringmechanismproposed by Frenkel drives the sintering
forward.

Different approaches to predict contact interaction are found in the
literature, either using Frenkel's model or visco-elastic adhesive contact
models [10–17]. Nonetheless, the micro-mechanical calibration re-
mains a tremendous challenge [15,18], mainly due to the diversity of
particle surfaces, shapes, disorder and anisotropy. Furthermore, rheo-
logicalflowproperties are difficult to obtainwhen visco-elastic powders
are recycled from a previous sintering process, for instance.

This work introduces a novel time-dependent sintering DEM ap-
proach to estimate the visco-elastic coalescence of polymer particles
at short and long times. The approach relies on the three-stage sintering
scheme proposed by Lin et al. [8]. First, the sinteringmodel is integrated
into the visco-elastoplastic and dissipative contact model proposed by
Luding [19], using the rate of plastic overlap. Then, particle pair interac-
tions are computed utilizing MercuryDPM [20]. The calibration of the
micro-mechanical parameters is performed by the Bayesian calibration
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Schematic of contact area following the JKR model. An instantaneous flattened
contact of radius a0, corresponding to sphere-interpenetration δ0, is formed to ensure an
equilibrium state of two contacting particles without external forces.
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tool developed by Cheng et al. [21]. The current approach uses experi-
mental data from PA12 in both virgin and aged states, PS as studied by
Hejmady et al. [22], and PEEK as presented by Beretta et al. [6].

2. Sintering model for polymer powders

When a thermal field is defined on two contacting visco-elastic par-
ticles, adhesive and surface-tension forces act to sinter the two into a
single particle. According to Lin et al. [8], the visco-elastic kinetics dur-
ing the sintering processmay be describedwithin three different stages,
each dominated by a different sinteringmechanism: contacts formation
due to elastic and adhesive forces; contact growth driven by adhesive
inter-surface forces, accommodated by visco-elastic deformation; and
contact growth driven by surface tension, accommodated by viscous
flow. These three mechanisms are bound by the interplay between
time and length scales set by intrinsic polymer properties, including
compliance properties and visco-elastic interactions during the growth
phase. A regimemap for the three different stages is illustrated in Fig. 1,
similar to that developed by Lin et al. [8].

In the first stage, the sintering kinetics is described by balancing the
work exerted by adhesive forces within the contact area between the
particles and the work of the visco-elastic deformation. Johnson, Ken-
dall, and Roberts (JKR [9]) expressed that under zero applied load, the
contact between twoparticles exhibits an initial flattened contact radius
a0. Thereby, with zero applied load, the two contacting particles
approach an equilibrium state in which the elastic repulsion is
balanced by the adhesive attraction of the particles. JKR analysis as-
sumes that the particles are linearly elastic, and the strain theory is
used since the contact area is smaller than the radius of the particles.
The schematic illustration of this first stage is presented in Fig. 2.

The non-dimensional neck radius a0/R was derived by JKR at very
short times (t < t0) for the equilibrium deformation of two elastic
bodies under the influence of surface tension. Thus, the elastic
repulsion using the Hertz equation is balanced by the adhesive
traction of the particles, giving

a0
R

¼ 9πð1−ν2Þγ
ER

� �1=3

, ð1Þ

where γ is the surface tension [Nm−1], ν is Poisson's ratio, E is Young's
modulus [Pa]. Within this adhesive stage, the contact radius is not
Fig. 1. Log-log plot of the three-stage model for the growth of the dimensionless contact
radius a/R with time. If t < t0, a0/R is a constant derived from JKR theory. For
intermediate times t0 < t < tvis, a power-law behaviour emerges, a1/R ∼ t1/7, exhibiting
only weakly time-dependent growth. For t > tvis, a2/R ∼ t1/2, indicative of viscous
sintering, which results in faster growth.
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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.

After the initial contact (t > t0, see Fig. 1), 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, as illustrated in Fig. 3.

In this stage, polymers can exhibit all intermediate-range of proper-
ties between an elastic solid and a viscous liquid. For this, twomain phe-
nomena required being involved while the visco-elastic particles are
bonding: creep compliance and stress relaxation. First, creep C(t)
[Pa−1] quantifies 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 σ, expressed in a non-Hookean fashion as

εðtÞ ¼ CðtÞσ : ð2Þ

The contact creep compliance is a useful metric that quantifies a
unique mechanical response, defined by

CðtÞ ¼ C0 þ C1tm, ð3Þ

where C0= (1− ν2)/E represents the instantaneous compliance [Pa−1],
C1 [Pa−1 s−1] is a material property, called “fluidity” in our work, and
0 < m < 1. To treat the problem of sintering due to adhesive forces,
the region around the contact area is modelled as a crack, computing
the adhesive traction between the two-particle surfaces using a cohe-
sive traction theory. Theoretically, virtual elements are attached to the
particle surfaces in order tomimic the adhesive traction. These elements
describe inter-surface adhesive forces in the regime of visco-elastic de-
formation. By assuming that the virtual element is smaller than the con-
tact radius a, the visco-elastic contact problem can be decomposed into
an outer problem of contact mechanics, and an inner problem of local
adhesive bonding [8]. The contact radius a approaches to the radius

R by the reference contact stressfieldσðr, tÞ≈ KRffiffiffiffiffiffiffiffiffiffiffiffiffi
2πða−rÞ

p , which indicates

a singularity at the contact edge. The strength of the singularity KR is re-
lated to the contact radius and the external loading history, which de-
pends on the rate at which strain increases for constant applied stress
(creep compliance). The Dugdale-Barenblatt cohesive zone model is
used to represent the intersurface adhesive forces, assuming that adhe-
sive force σ is constant inside the cohesive zone as long as the separa-
tion distance is less than the critical separation distance δc [m]. The
separation distance is specified to ensure the work of adhesion,
defined as the range of the adhesive force. Then, the work of adhesion
is computed as W = σδc. The prediction of the rate of bonding ˙a is
coupled with the strength of the singularity at the tip by Lin et al. [8],
which results



Fig. 3. (a) Schematic of visco-elastic contact growth for t0 < t < tvisc driven by adhesive traction. Forces act normal to the contact plane. (b) Inner problem of local adhesive bonding.
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_a ¼ πγ
2c2mC0σ2

C1γm

C0cm

� �
; ð4Þ

where cm =(2m+1)/(m+1), and γm=(4/π)1/2Γ(m+1)Γ(m+1.5),
with Γ as the gamma function of adhesion. By solving the evolution of
the contact radius in Eq. (4), the estimation of a is obtained as
function of the creep response of the material

a ¼ a
3ðmþ1Þ
4mþ3
0

4mþ 3
m

πγ
2c2mC0σ2

C1γm

C0cm

� �� � m
4mþ3

t
m

4mþ3, ð5Þ

where the first term of the Eq. (5) indicates the formation of an initial
elastic JKR contact (Eq. (1)), and a visco-elastic transition followed by
creeping contact growth for times t > (C0/Cm)1/m. It leads to the exact
long time solution for visco-elastic contact growth driven by adhesive
traction with a power-law of tm/(4m+3), derived by Hui et al. [8]. Thus,
the growth of the contact radius can be computed by

a
R
¼ 9π

2

� � mþ1
4mþ3 4mþ 3

m
π

4c2m

δc
R

� �2
" # m

4mþ3 γm

cm

2C1γ
R

� � 1
4mþ3

t
m

4mþ3: ð6Þ

For intermediate times in the interval t0 < t < tvis, the growth of
contact radius a1 is predicted to be t1/7 for a Maxwell material, where
m= 1. This results in

a1
R

¼ 63π3

16

� �1=7 δc
R

� �2=7 2C1γt
R

� �1=7

: ð7Þ

Subsequently, the sintering problem is treated in the third stage for
long times (t > t0). It assumes that the visco-elastic particles achieve
stress relaxation due to molecular rearrangement, and the extent of re-
covery is directly proportional to the formerly applied stress. The neck
growth kinetics is related to the action of surface tension in the viscous
flow regime (see Fig. 1). The schematic representation is shown in Fig. 4.
Fig. 4. Schematic of contact growth driven by surface tension and accommodated by
viscous flow. Forces act perpendicular to the contact plane.
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The growth of the contact radius a2 was initially derived by Frenkel
[3], showing that for a Newtonian fluid, the evolution of a2 may fulfil a
scaling law, which is expected to be well-approximated by the last
part of Eq. (5), where is equated the rate of surface tension work to
the viscous flow energy dissipation rate, giving

a2
R

¼ 8C1γt
R

� �1=2

: ð8Þ

By defining a as the maximum of the three different models, a =
max(a0, a1, a2), it is possible to include each stage of the sintering
process into a DEM approach. In the following chapter, we discuss
how to incorporate the neck growth models (Eq. (1), Eq. (7), Eq. (8))
into the visco-elastoplastic contact model proposed by Luding [19].

3. DEM for visco-elastic sintering

To describe the sintering of discrete particles, DEM is highly suitable.
Particles are assumed to be rigid and interact via contact forces. The
computation of the forces, acting betweenparticle pairs, are determined
using contact models. In this work, we apply the visco-elastoplastic and
dissipative model proposed by Luding [19], using MercuryDPM [20] to
compute particle pair interactions. Fig. 5 illustrates the contact model.

The elastoplastic and dissipative model computes the repulsive
elastoplastic forces during compression (loading) between the particles
using a loading stiffness k1. The unloading process follows the slope of

k̂2, which varies between k1 and k2, depending on the plastic

deformation at zero force δ0ij. To track the plastic deformation, the

maximum plastic overlap δmax
ij is stored, and used to compute the

zero-force overlap as

δ0ij ¼
k̂2−k1
k̂2

δmax
ij : ð9Þ

The minimum force overlap δmin
ij is computed as

δmin
ij ¼ k̂2

k̂2 þ kc
δ0ij: ð10Þ

Thereby, the overlap δij defines the deformation measurement as

δij ¼ ðRi þ RjÞ−ðri−rjÞ � n, ð11Þ

where ri and rj are the particle positions with unit vector n= (ri − rj)/
|ri − rj|, and Ri and Rj are the particle radii. If the unloading stiffness k̂2
becomes equal to k2, the force remains on the corresponding limit
elastoplastic branch with the same slope.1 For overlaps smaller than
1 It avoids unrealistic large overlaps, also approximating the melt incompressibility
with rather low stiffness, in order to have the computation time-step not too small.
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δmax
ij , the unloading stiffness is interpolated linearly between k2 and
k1 as

k̂2 ¼ k1 þ ðk2−k1Þ
δmax
ij

φf Rij
if δij < δmax

ij

k2 if δij ≥ δ
max
ij

8><
>:

9>=
>;, ð12Þ

where φf is the dimensionless plasticity depth, set such that fully
merged particles have a contact radius a=R ¼

ffiffiffi
23

p
. R represents the

harmonic mean of the particle radii, R = 2R1R2/(R1 + R2). After the
contact force becomes negative, for δij<δ0ij, the model introduces
cohesive forces using the cohesion stiffness kc. Thus, the normal force
f nij between two particles in contact (δij> 0) describes the interaction as

f nij ¼ −f aij þ
k1δij if δij > δmax

ij

k̂2ðδij−δ0ijÞ if δmin
ij < δij ≤ δ

max
ij

−kcδij if 0< δij ≤ δ
min
ij

8>><
>>:

9>>=
>>;−γnvnij: ð13Þ

The adhesive force f aij ¼ k1δa is assumed constant, large enough to
reach the equilibrium of the first sintering mechanism, see Eq. (1). For
small displacements around some equilibrium state, this hysteretic
elastoplastic model does not contain strong dissipation. Therefore, to
allow for stronger dissipation and thus faster relaxation, a viscous dissi-
pative force is included in the normal direction. The viscous dissipation

coefficient is set to γn ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2mk1

p
=ð ffiffiffi

π
p þ

ffiffiffiffiffiffiffiffiffiffiffi
log e

p
Þ log e, such that we ob-

tain a constant restitution coefficient e. Note, this assumes that e is mea-
sured in the elastic regime, i.e. δij< R. After themodel parameters k2 and
γ are specified, the time-step of the simulation tDEM has to be chosen
such that

tDEM ≈ tc=50; ð14Þ

where tc represents the collision time on the contact level. For a detailed
analytical model treatment, see [19].

3.1. Rate of plastic overlap

To include the sintering behaviour proposed by Lin et al. [8] in the
contact description (Eq. (13)), we compute the rate of the plastic over-

lap _δ
0
ij using a novel approach. Knowing that the overlap between the

particles nearly equals the plastic overlap, δij ≈ δ0ij for stiff particles

ðk1>ðf nij þ f aijÞ=RÞ, the contact radius may be approximated as a=R ≈ffiffiffiffiffiffiffiffiffiffi
δij=R

p
(small overlaps δ0ij < R). It can be controlled by setting the
4

growth rate ˙δ0ij according to Eq. (1), Eq. (7), Eq. (8). First, δ0ij is derived

below the JKR equilibrium a0/R, by satisfying f nij ¼ f aij. Second, the

computation of ˙δ0ij is derived within the visco-elastic deformation re-
gime a1/R, until the neck growth reaches the intersection point at avis/R,

˙δ0ij ¼ 9
2
π3δ2c R

1=2C1γ

25=7δ7=2ij

f nij
f aij

, ð15Þ

where δc is the cohesive separation distance, and C1 is the material
fluidity. The calculation of avis/R is based on the contribution of both
JKR and visco-elastic contact during t0 < t < tvis. The explicit
expressions for t0 and tvis can be obtained by plotting Eq. (1), Eq. (7),
Eq. (8) and finding the intersection of the curves, see Fig. 1, then

tvis ¼
1
16

63π3

2

� �2=5
R

C1W
δc
R

� �4=5

: ð16Þ

Substituting Eq. (16) into the expression of the second neck growth
(Eq. (7)), gives

avis=R ¼ ð63π3Þ1=5 δc
8R

� �2=5

: ð17Þ

Finally, ˙δ0ij is derived from Eq. (8) to define sintering at long times,
modelled as

˙δ0ij ¼ C1γ
f nij
f aij

: ð18Þ

All parameters of the contact model might vary with temperature,
but this is neglected for simplicity assuming constant values. The only
adjustable parameters in the simulations are δc and C1. These
parameters are calibrated using experimental data as discussed in
Section 4. Since friction forces act in the tangential direction, they do
not affect the normal forces calculated via this approach, and therefore
they are not discussed in this paper. For a detailed explanation, see [23].

4. Methodology

In Section 4.1, the sintering experiments of PA12 powder is de-
scribed. Then in Section hyperlink4.24.2, we present the coupled imple-
mentation MercuryDPM and GrainLearning to calibrate the contact
model based on the experimental data.
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Fig. 6. (a) sintering of virgin particles at t0 = 0.0 s, t1 = 2.0 s, t2 = 3.5 s, t3 = 8.5 s. (b) Sintering of particles in a first heating at t0 = 0.0 s, t1 = 2.0 s, t2 = 6.0 s, t3 = 14.0 s. (c) Sintering of
particles in a second heating at t0 = 0.0 s, t1 = 2.0 s, t2 = 6.0 s, t3 = 18.0 s.
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4.1. Sintering experiments on PA12 powder

Sintering experiments on PA12 were conducted with PA2200 per-
formance powder for laser sintering supplied by EOS E-Manufacturing
solutions. This powder material is a semi-crystalline thermoplastic
with a melting point of about 180 °C. The sintering measurements
Fig. 7. Flowchart of the coupled implementation to find the parameters: δc, C1, using MercuryD
iteration where the probabilities over δc and C1 are updated with the neck growth data. The ca

5

were recorded by a Keyence VHX 5000 digital microscope equipped
with a Linkam THMS600 heating stage. It included a glass plate located
on the top of the stage with a diameter of 22 mm and thickness of 1.7
mm.

Before starting the experiment, a fine silicon oil was placed on
the plate and heated at a temperature of 300 °C to distribute
PM and GrainLearning. A MercuryDPM executable is called by GrainLearning at each
libration is finished if the statistics converge in three consecutive iterations.
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homogeneously. The oil reduces the adhesion between the particles and
the glass plate. Then, the heating stagewas cooled to room temperature,
and a sample of individual virgin particles was selected manually and
deposited onto the oil. Subsequently, the stage is re-heated to 195 °C
at a rate of 150 °C/min. The coalescence of the particles was recorded
using a digital microscope, using 20 frames per second and magnifica-
tion between 200 and 500 times. A lower magnification was used to
capturemultiple particle pairs in one frame. After the completemerging
of the particles, the stage was cooled back down to room temperature.
The procedure was repeated twice to reproduce deteriorated states
under the same conditions of sintering using virgin particles. The mi-
croscopy images of the sintering process in virgin and two-recycled
states are depicted in Fig. 6.

The average particle radius is determined by fitting a circle adjacent
to the contact point to the measured pixel area constituting each parti-
cle andmeasuring its radius at beginning time t0. Virgin particles are not
always spherical, so themeasured radius is only approximated,whereas
particles of first or second ageing cycles are resintered and thus nearly
spherical. The software ImageJ, an open-source image processing pro-
gram [24], was utilized to measure the pixel length. Furthermore, the
software gives information about particle area, aspect ratio, circularity,
Feret diameter, perimeter and roundness. It enables the approximation
of the particle radius to be set into DEM simulations.

4.2. DEM calibration using GrainLearning

Microscopic material parameters relevant to sintering are extremely
challenging to evaluate experimentally. Therefore, we treat the quanti-
fication of separation distance δc and fluidity C1 as an inverse problem,
that is to infer particle-scale parameters from experimental observa-
tions of the sintering kinetics. To this end, the iterative Bayesianfiltering
framework proposed by Cheng et al. [21] is coupled with MercuryDPM
to calibrate the required sintering parameters. Fig. 7 presents the flow-
chart of this coupled implementation.

GrainLearning is a machine learning-based Bayesian calibration
tool for estimating parameter uncertainties in discrete particle simula-
tions. It uses the recursive Bayes’ rule to quantify the evolution of the
probability distribution of parameters over iterations. Samples are
drawn either uniformly, assuming no prior knowledge, developing an
improving proposal distribution that is learned over several iterations.
After having enough statistics per iteration (effective sample size), we
train and utilize nonparametric Gaussian mixture models as proposal
distributions to resample the parameter space. The mixture model
trained at the end of each iteration guides the resampling to be asymp-
totically close to optima, and thus greatly reduces the computational
cost compared with conventional approaches.

For Bayesian calibration, the probability distribution of model states
and parameters, conditioned on given reference data (termed “poste-
rior distribution”) can be approximated by sequential Monte Carlo
methods. To efficiently sample parameter space, a multi-level (re)sam-
pling algorithm is utilized. For thefirst iteration of Bayesianfiltering, the
parameter values are uniformly sampled from quasi-random numbers,
which leads to conventional sequential quasi-Monte Carlo filtering.
Fig. 8. Simulation of two spherical particles using MercuryDPM. The snapshots are take
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For the subsequent iterations, new parameter values are drawn from
the posterior distribution from the previous iteration. Iterative Bayesian
filtering allows us to sample near potential posterior modes in parame-
ter space, with an increasing sample density over the iterations, until
the ensemble predictions (e.g., expectations) of the model parameters
converge.
5. Results and discussion

In the following section, the proposed approach is applied to analyse
the visco-elastic sintering kinetics of polymer powders. Thus, the results
using virgin and aged particles are described and compared to experi-
mental data. Finally, the influence of particle shape and sintering stress
during the neck growth are discussed.
5.1. Effect of viscoelasticity on polymer sintering

To simulate the visco-elastic sintering kinetics of polymer powders,
a pair of 3D spheres of equal diameter is placed next to each other
with negligible non-zero overlap between them. The particles are set
just in contact at time t0; the gravitational force is neglected. Fig. 8
illustrates the interpenetration between the two particles at four
different time steps.

A small adhesive force f a= k1δa is applied to the particles to start the
motion, where δa = 1.0 × 10−3 m. Thereafter, the computation of
the normal interaction updates the overlap δ. The geometrical
relationship a=R ≈

ffiffiffiffiffiffiffiffi
δ=R

p
can be obtained from the interaction,

tracked at every time step in order to distinguish the sintering regime.
All simulations use the material parameters listed in Table 1.

The magnitude of stiffness k1 cannot be compared directly with the
Young's modulus E of a material, since it is a contact property.
However, an approximation micro to macro parameter exist to relate
k1 ∼ βE R [25], where β = 1.0 is chosen in our work. It leads to a
contact duration (half-period) tc ≈ 2.9 × 10−7 μs, which is much
smaller than the sintering time scale. Thus, the parameters in Table 1
only have a negligible effect on the sintering behaviour, which is

determined by the evolution of δ0ij; they only affect how quickly
oscillations due to the particle's inertia are damped. Young's modulus
E, surface tension γ, Poisson's ratio η, and instantaneous compliance C0
are set according to the type of materials analyzed in the present
work. The magnitudes are listed in Table 2.

Two parameters remain to be calibrated in the contactmodel: δc and
C1. The parameters are calibrated via GrainLearning according to the
sort of polymer and aged state. For this, the posterior probability
distribution is estimated for all samples and materials with 50 model
evaluations per iteration. The normalized covariance parameter at the
first iteration is set to 0.7, resulting in an effective sample size larger
than 20%. The goal is to have a sufficient number of effective statistical
samples for estimating the proposal distribution to continue the
iterations. Table 3 lists the upper and lower limits of δc and C1, for
which a Halton sequence is generated.
n from four different time steps where a/R = 0.0, a/R = 0.2, a/R = 0.5, a=R ¼
ffiffiffi
23

p
.



Table 1
System properties.

ρ [kg/m3] k1 [N/m] k2 [N/m] kc [N/m] e φ

1000 βE R 2.0 k1 1.0 k1 0.1
ffiffiffi
43

p

Table 3
Upper and lower limits of the parameters to generate ho-
mogeneous quasi-random numbers for the first iteration.

Property δc [μm] C1 [Pa−1 s−1]

Θmin 0.01 1.0 × 10−3

Θmax 9.0 1.0 × 101
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The agreement of the posterior expectations before and after one it-
eration of Bayesianfiltering is adopted as the convergence criterion. The
posterior expectation of eachmicro-parameter converges after the third
iteration. The illustration of the re-sampling process is presented in
Fig. 9, which depicts the posterior modes localized progressively after
each iteration for PA12, as an example. Note that if the initial guess for
themodel parameters is not able to capture at least one posterior distri-
bution, the re-sampling scheme could explore outside the parameter
ranges specified in Table 3, at the cost of more iterations and model
evaluations.
5.1.1. Virgin powder
The first analysis corresponds to the sintering of polymers in a virgin

state. The calibration of δc and C1 is performed by GrainLearning

using experimental data on PA12, PS [22], and PEEK [6]. Table 4 lists
the results of the Bayesian calibration.

High precision is obtained, with only 1.0≈ 3.0 % range of error. Fur-
thermore, the correlation of δc(R) is obtained as δc/R ≈ 0.01, as
suggested by Lin et al. [8]. The visco-elastic sintering kinetic of PA12par-
ticles is presented in Fig. 10.

The experimental results show the non-linear sintering path first,
corresponding to the visco-elastic behaviour of thematerial. The transi-
tion between the second and third sinteringmechanisms is at tvis=0.5
s, when a/R≈ 0.22. Themaximum overlap (a/R=1.0) is crossed at t=
3.7 s. This overlap means that particles have still a distinctive radius.
After this point, particles merge to complete the sintering at
a=R ¼

ffiffiffi
23

p
. It is reached at tfinal = 5.6 s. To compare the precision of

the simulation result, the original and modified Frenkel models are
calibrated using the best approximation at the maximum overlap,
using η = 3355.0 Pa s. However, Frenkel models anticipate neck
growth during the early stage of the process. It leads to the over-
prediction of the sintering time for short sintering since the driving
force for coalescence is equivalent during the process.

The neck-growth estimation for PS is plotted in comparisonwith the
experimental data in Fig. 11.

An important consequence in the sintering of polymer powders is
that the process is faster for materials with low molecular weight [26].
This is the case for PS, in which the stress relaxation occurs within
tvis=0.01 s. Thereafter, the visco-elasticmechanismdominates the pro-
cess to complete the full consolidation at tfinal = 0.11 s for R= 30.0 μm
and tfinal = 0.27 s for R = 60.0 μm. Thereby, the influence of particle
radius is highly relevant in the process, as evidenced by the
retardation for sintering. The maximum penetration depth was set to
match the experimental merging radius at a/R = 1.1. This limitation
was due to particles were not able to fully relax as spherical droplets
experimentally [22]. It is demonstrated that PS powder can be well-
described by the proposed three-stage sintering model. Furthermore,
Frenkel's equations are calibrated based on the best approximation at
the merged particle radius, using η = 93.0 Pa s. As the viscosity is in-
creased, Frenkel's model may decrease the neck growth rate. However,
Table 2
Material properties.

Material E [Pa] γ [N/m] η C0 [Pa−1]

PA12 1.94 × 109 40.0 × 10−3 0.35 2.58 × 10−10

PS 1.23 × 109 35.6 × 10−3 0.34 4.08 × 10−10

PEEK 450PF 3.60 × 109 35.0 × 10−3 0.40 1.39 × 10−10
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this would retard the coalescence by leading to an inaccurate
approximation.

The third analysis is conducted on PEEK 450PF and PEEK HP3, as
reported by Berretta et al. [6]. Fig. 12 depicts the results.

The sintering of PEEK 450PF and PEK HP3 illustrates the implication
of polymerswith high viscosity. The relaxation for flowability is reached
at tvis=12.0 s, at about 36% of the interpenetration on PEEK 450PF, and
tvis=9.0 s, at about 34% of the interpenetration on PEKHP3. The highest
slope was achieved by PEK HP3, followed by PEEK 450PF over the same
time interval. It indicates that the second polymer is higher inmolecular
weight leading to less shrinkage. From the experimental results, it is ob-
served the non-linear and visco-elastic kinetics of the material. This is
remarkably predicted using theproposed contactmodel through the ac-
tion of forces that involve two principal rheological characteristics,
namely fluidity and elastic behaviours. These attributes determine the
transportmechanism under the action of diffusive forces and stress, im-
posed either by thermal conditions or by mechanical action or by the
combination of the two. It is relevant tomention that the particle radius
used for the computationswas set as the onemeasured at the beginning
of the experiments, as reported by Berretta et al [6]. Itmay influence the
prediction in the initial stage since the particles were in amorphous
shapes. Frenkel's equations are calibrated based on the best approxima-
tion at the merged particle radius, using η = 23000.0 Pa s. It also indi-
cates that the flowability is not good at high temperatures for this
type of polymers.

5.1.2. Aged powder
To characterize polymer sintering under different aged conditions,

we performed experiments based on a recycled scheme. The experi-
mental datawere collected in twodifferent scenarios. First, the sintering
process is repeated twice immediately after forming the consolidation
from the virgin state; it was directly developed at the hot stage as pre-
sented in Fig. 6. Second, virgin PA12 powder was annealed inside an
oven for 7 and 14 hours at a temperature of 160 ∘C (below the melting
point of 180 ∘C). Then, the hot stage microscopy technique was em-
ployed to measure neck growth. Subsequently, GrainLearning is uti-
lized to estimate δc and C1 based on the observations. Table 5 lists the
calibrated parameters to set within the contact model.

After every usage (sintering), a trend of around 50% reduction in C1
is observed relative to the previous situation. This is reasonable since
viscosity increases in aged states, which means a lower fluidity.
Conversely, the separation distance δc remains roughly steady,
increasing by 1%. Fig. 13 displays the results of the sintering process
for the first aged state.

In aged states, polymer sintering is slower as evidenced in Fig. 13.
The 100% of neck growth is achieved at t = 7.7 s. This is twice the
time required using virgin powder (see Fig. 10). The transition time, at
which the second and third sintering mechanisms change, is at tvis =
1.1 s; δc/R continues roughly steady. The two procedures to recycle
PA12 led to similar experimental results. It suggests that particle
properties are in a similar deteriorated state if they suffer heating
conditions or if they are reused immediately after the first sintering
process. Fig. 14 presents the neck-growth kinetics of the second aged
state.

After sintering virgin powder twice, the maximum overlap a/R =
100% is obtained at about t=13 s, which takes almost three times lon-
ger than the time required using virgin powder. Frenkel's models start
to agree well with the experimental data at longer times due to the



Fig. 9. Calibration of δc and C1 for sintering simulations of PA12 with R = 33.63 μm. Bars denote the sampling distribution of the current iteration (which is based on the posterior
distribution of the previous iteration, except for the first iteration). Coloured dots indicate the distributions, that are progressively placed near the posterior modes over the iterations
as the localized bars show. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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increased viscosity of the material in this state. The transition time be-
tween the second and third sintering mechanisms is at tvis = 1.9 s,
which is almost three times longer than the relaxation time sintering
virgin particles.

Finally, Fig. 15 presents the three case studies for visco-elastic
sintering using PA12.

The degradation level has a great influence on the growth rate as ev-
idenced in Fig. 15. This suggests that a lack of the supplied energy while
sintering recycled powder can lead to slower neck formation, and there-
fore, poor cohesion. The DEM prediction indicates that the balance be-
tween the relaxation time and the material compliance has a
significant contribution to the sintering of visco-elastic polymers. In
Table 4
Calibrated micro-mechanical properties (virgin particles).

Material R [μm] δc [μm] C1 [Pa−1 s−1]

PA12 32.1 0.28 ± 3.0 % 2.42 ± 1.0 %
PS 30.0 0.15 ± 1.0 % 65.20 ± 1.0 %
PS 60.0 0.41 ± 1.0 % 27.20 ± 1.0 %
PEEK 450PF 25.0 0.45 ± 2.0 % 0.30 ± 1.0 %
PEK HP3 25.0 0.31 ± 2.0 % 0.35 ± 1.0 %

Fig. 10. Neck growth kinetics of virgin PA12. The solid line represents the calibrated DEM
simulation with R = 32.1 μm. The dotted and dashed lines are obtained by fitting the
original and modified Frenkel's models [27] to the experimental data with η = 3355.0
Pa s, respectively. Experimental observations are represented by the error bars.
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Fig. 11. Neck growth kinetics of virgin PS. The solid line represents the calibrated DEM
simulation. The dotted and dashed lines are obtained by fitting the original and
modified Frenkel's models [27] to the experimental data with η = 93.0 Pa s,
respectively. Experimental observations are represented by dots for R = 30.0 μm, and
squares for R = 60.0 μm, from [22].

Table 5
Calibrated micro-mechanical properties.

Material δc [μ m] C1 [Pa−1 s−1]

Virgin PA12 0.28 ± 3.0 % 2.42 ± 1.0 %
1st Aged PA12 0.29 ± 2.0 % 1.01 ± 0.1 %
2nd Aged PA12 0.31 ± 2.0 % 0.49 ± 0.1 %
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fact, compliance is well known to be a sensitive function of molecular
weight, and the visco-elastic kinetics must be analysed whenmodelling
the sintering of polymers [12].

5.2. Influence of particle shape during sintering

Particles are modelled as perfect spheres in the sintering simula-
tions. It leads to a homogeneous interaction at the particle-particle con-
tact. However, polymers are not always available as spheres in a virgin
state, see Fig. 6. To overcome this fact, the Feret diameter wasmeasured
on the experimental data, which is an option available in ImageJ soft-
ware. This diameterwas set to perform the simulations inMercuryDPM.
The results showed good agreement independent of the low circularity
at short times, which increases when polymer particles were subjected
to temperatures close to themelting point. Furthermore, particles char-
acteristics such as morphology, surface texture and porosity are not as
Fig. 12.Neck growth kinetics of virgin PEEK 450PF and PEK HP3. The solid line represents
the calibrated DEM simulation with R = 25.0 μm. The dotted and dashed lines are
obtained by fitting the original and modified Frenkel's models [27] to the experimental
data with η= 23000.0 Pa s. Experimental observations are represented by dots for PEEK
450PF and squares for PEK HP3, from [6].
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significant for the sintering rate at long times, and the shape evolution
of the particle radius is independent of the flow history as suggested
by Benedetii et al [10].

5.3. Sintering stress

When particles are sintering, outward-directed traction arises at the
neck tip as a result of the balance of the compressive force acting on the
contact (Fig. 16). The traction can be expressed by

σ t ¼ ksγ, ð19Þ

where γ is surface tension, ks = 2R/a2 represents the relationship
between curvature at the neck tip and contact radius a [11].

As the particles approach the common radius during sintering, the
curvature at the neck increases significantly, which becomes very
large just before reaching the merging radius. During this period, a
debonding process may occur by external forces, leading to the forma-
tion of defects. To analyse the stress evolution during the growth of
the contact radius, the tangential response during sintering of virgin
and aged PA12 particles is plotted in Fig. 17.

The sintering stress increases with time in the evolution of the con-
tact radius. In the initial stage, a sharp peak is evidenced as the result of
stress relaxation. Thereafter, this point marks the transition to mass
transport due to surface tension. The contact radius grows continuously
until the maximum radius, which implies the maximum stress during
the process. As far as the virgin particles are aged as the higher stress
reached during the consolidation. It means more energy is required to
consolidate aged particles as evidenced in the neck growth kinetics
(Fig. 15). The evolution of the tangential stress during the sintering pro-
cess may be influenced by temperature gradients. As a consequence,
local stresses may appear. Nonetheless, our experiments and
Fig. 13. Neck growth kinetics of aged PA12 with R = 33.7 μm. Squares represent the
observations immediately after the first sintering. Triangles correspond to PA12 particles
annealed inside an oven for 7 hours. The dotted and dashed lines are obtained by fitting
original and modified Frenkel's models [27] to the experimental data with η = 7550.0
Pa s.



Fig. 14. Neck growth kinetics of second aged PA12 with R= 33.63 μm. Squares represent
the observations immediately after the previous sintering. Triangles correspond to PA12
particles annealed in an oven for 14 hours. The dotted and dashed lines are obtained by
fitting original and modified Frenkel's models [27] to the experimental data, with η =
12500.0 Pa s.

Fig. 16. Evolution of the contact radius a during the sintering process. f n represents the
normal force and σt the tangential sintering stress.

Fig. 17. Stress evolution at the neck tip vs. the rate of contact radius for PA12 in virgin and
aged states.
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simulations were conducted under a controlled temperature regime,
which allowed us to predict the sintering rate for all experiments.

6. Conclusions

Ourmain result is that the sintering of visco-elastic powders is accu-
rately and quantitatively predictable, at both short and long time scales.
This is successfully achieved in our DEM framework by modelling the
non-linear behaviour and including three different sintering mecha-
nisms. The presented model requires only two sintering parameters to
be calibrated in the simulations. This calibration was performed using
GrainLearning package, where the probabilistic distributions of the
parameters and their correlations were inferred precisely. Even though
themodel does not account for the anisotropy of visco-elastic materials,
it allows analysing cases where particles are recycled in two scenarios:
reused powder from a previous sintering process and powder annealed
inside an oven for several hours. All predictions show a remarkable
Fig. 15.Neck growth kinetics of PA12 in virgin and aged states. Experimental observations
are represented by squares, triangles and pentagons for virgin, first aged and second aged,
respectively. Solid lines describe the DEM prediction.
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agreement with the experimental observations on PA12, PS, and PEEK
particles. It demonstrates the impact of this approach on the prediction
of sintering times.
7. Outlook

The proposed approach will be utilized in future DEM studies to an-
alyse the strength evolution by particle cohesion, including different
powder usage histories and temperature gradients. Thus, a better un-
derstanding of the grade of virgin and re-used particles can be assessed
to avoid surface defects from the poor cohesion of sintered layers. In
general, re-used powder requires a slower processing speed.

The present calculations refer to mono-disperse particles with
spherical shapes. Future calculations will consider other possible parti-
cle distributions, and a multi-particle scheme to describe amorphous
conditions. Furthermore, future studies on the sintering of aggregates
will include the time-dependence of the radius based on the conserva-
tion of mass.
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