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A B S T R A C T

In the selective laser sintering of polymers, the most widely used powders are based on polyamide 12 (PA12),
which is a semi-crystalline polymer. Because the mechanical properties of the printed parts depend largely on
the microstructure, knowledge on the crystalline architecture is important. We developed a numerical model
based on the finite element method to solve the flow, temperature and crystallization kinetics of PA12 powder
during sintering using two different geometries. Our results show that the temperature plays a crucial role in the
crystallization kinetics and that simplified 0D calculations can be used to study the crystallization kinetics if the
temperature behavior in time at a certain location is known. With our choice of initial and boundary conditions,
we found primarily crystals of the α′-phase.

1. Introduction

Additive manufacturing is a collective term of fabrication techni-
ques building products in a layer-by-layer manner. A broad range of
materials can be used, like metals, ceramics, glasses, polymers and
composites. Limiting ourselves to the additive manufacturing techni-
ques of polymers, we find an extensive overview of the processes, their
advantages and limitations, used polymeric materials and applications
in Jasiuk et al. [1]. In this review, approximately half of the listed
thermoplastic polymers is semi-crystalline. These semi-crystalline
polymers are mostly used in the additive manufacturing methods
classified into the categories ‘material extrusion’ and ‘powder bed fu-
sion’. Since the microstructure largely determines the material prop-
erties of the final products, knowledge of the crystalline architecture is
important [2–4].

In the category ‘material extrusion’ (e.g. fused filament fabrication
(FFF), extrusion deposition additive manufacturing (EDAM)), poly-
meric material (usually in the form of filaments, but pellets are used as
well) is heated while passing through a hot nozzle and deposited layer-
by-layer onto a building stage. To create overhanging structures, ne-
cessary support material should be deposited during fabrication, which
can be removed afterwards. On the research of crystallization kinetics
and architecture for this additive manufacturing category, several au-
thors [5–8] report on work using finite element analysis on the length
scale of full parts; using a combination of models describing the heat
transfer, polymer diffusion, thermoviscoelasticity, shrinkage,

crystallization kinetics and melting behavior, the residual stresses, de-
formations and degree of bonding between layers can be predicted.
Northcutt et al. [9] and Chatham et al. [10] study the effect of material
characteristics and processing conditions on the crystallization kinetics
in FFF experimentally. On a smaller length scale, McIlroy and Graham
[11] show numerical results of the full FFF process in three decoupled
stages: flow through the nozzle, deposition flow and cooling, relaxation
and crystallization.

In the category ‘powder bed fusion’ (e.g. selective laser sintering
(SLS)), polymer powder is repeatedly spread out onto a building stage
and heated locally by a laser to build structures layer-by-layer. The
excess powder acts as support structure and can be easily removed
during postprocessing. On the research of crystallization kinetics and
architecture for this additive manufacturing category, most work is
done on the characterization of the crystallization kinetics for the used
materials [12–15]. Furthermore, Amado et al. [12] and Mokrane et al.
[16] show results of finite element analysis of multi-layered structures.
In addition to this list of studies, we present in this work a first detailed
study of the crystallization kinetics and architecture of two coalescing
particles for SLS.

In this work, we add the crystallization kinetics as characterized by
Paolucci et al. [15] in the numerical framework to describe the non-
isothermal viscoelastic sintering of polymeric particles as described by
Balemans et al. [17–19]. We use an axisymmetric geometry of two
particles to study the interplay between viscous flow, temperature-de-
pendent behavior and crystallization kinetics on a moving domain. Our
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results of this model problem show that it is sufficient to only take the
temperature into account to describe the crystallization kinetics on
timescales that are relevant for SLS. Therefore, we use a second geo-
metry consisting of multiple layers to assess the temperature-dependent
crystallization kinetics without flow on a larger scale.

2. Problem description

To study the sintering process on particle level, we consider a
geometry of two powder particles. During the sintering process, these
particles are kept in an environment of temperature T∞ and are heated
by a laser beam with Gaussian energy distribution. If the temperature
exceeds the melting temperature Tm under the influence of the laser
beam, the particles start to flow with the surface tension γ as the driving
force. The system cools down via convection and radiation.
Solidification occurs if the viscosity μ is high due to a combination of a
low temperature T and a large degree of crystallization, described by
the space filling ξ.

As a second case study, we consider a larger geometry of multiple
rectangular layers on top of each other to take the effect of neighboring
particles and surrounding layers on the temperature distribution and
crystallization kinetics into account.

2.1. Assumptions

Firstly, in previous work by Balemans et al. [18,19] on the non-
isothermal sintering of two viscous particles, the laser beam is modeled
as a volumetric source term with Gaussian distribution and an ab-
sorption following the Beer-Lambert law. It was shown that the tem-
perature inside the domain reaches a homogeneous characteristic
equilibrium value Tc = 209.0 °C for the chosen geometry and para-
meters before large deformations take place. Because we are interested
in the flow behavior and crystallization kinetics induced by the heating
of the laser beam and not in the heating itself, we can mimic this by
using a homogeneous increased starting temperature T(t= 0) = Tc.

Secondly, from previous work by Balemans et al. [17] on the sin-
tering of two polymer particles, we can conclude that the most im-
portant contribution of viscoelastic flow behavior occurs at the start of
the sintering process. To model this behavior correctly, transient
rheology needs to be taken into account. Using the definition of the
Deborah number from Balemans et al. [17], i.e. the ratio of the time
scale of the fluid response to that of the process, we can define De = λγ/
(μcR) = 0.08 using the parameters from Table 1 where λ is the re-
laxation time of the polymer, γ the surface tension, μc the viscosity at
characteristic temperature Tc and R the radius of the particles. From
this it follows that polyamide 12 has a low Deborah number at the start
of the sintering process right after heating the polymer powder by the
laser beam. In materials with a low Deborah number, the elastic effect is
negligible and therefore we can model our polymer melt using a purely
viscous constitutive model.

Thirdly, from Balemans et al. [19] it follows that the cooling process
and the associated crystallization kinetics of the system of two particles
can be modeled using an axisymmetric geometry.

2.2. Geometries

2.2.1. Case 1: two particles
Following the work of Balemans et al. [17], we define an axisym-

metric geometry of two equally-sized spherical polymer particles with
radius R. Initially, these particles are connected to each other by a
contact circle with radius L(t= 0) = Lp + Lε, where Lp is the prescribed
contact radius chosen to be Lp = 0.4R. To elude discontinuities in the
slope of boundary Γ we round-off the contact region using parameter
RL = R(Lp/R)3 [23], leading to Lε. A schematic of the domain Ω is
shown in Fig. 1.

2.2.2. Case 2: multiple layers
For our second case study, we define a larger 2D geometry of twenty-

five rectangular layers on top of each other, as is schematically shown in
Fig. 2. Each layer has a dimension of 7.5 mm × 0.15 mm. At this length
scale, the separate particles are not visible anymore and the size of a
single element of the mesh is larger than the size of a powder particle.
The geometry is built up layer-by-layer using the following procedure,
depicted in Fig. 3. We start with locating the bottom left corner of the
first layer at (0, 0). After generating the mesh and solving the governing
equations with appropriate initial and boundary conditions, we add a
new layer on top of the previous one. We make sure that the numbering
and topology of the nodes at the interface between the two layers is
equal. We initialize the solution vectors for the new layer and keep the
solutions of previous time steps for the old layers. We apply the appro-
priate boundary conditions on the new outer surfaces of the geometry
and couple the heat transfer between the separate layers. Next, we
translate the system downward with the height of one layer (−0.15 mm)
to have the origin (0, 0) located at the bottom left corner of the top layer.
Finally, the governing equations are solved on the new geometry. This is
done until the full geometry of twenty-five layers is made.

2.3. Governing equations

To describe the sintering process of viscous particles, we use the
momentum balance, mass balance and energy balance. Assuming in-
compressibility and neglecting inertia and body forces [17] these
equations read

+ =I D 0p µ T·( 2 ( , ) ) in , (1)

Table 1
Parameters of PA12 for computing the Deborah number.

Parameter Symbol Value Notes References

Relaxation time λ 0.05 s 200 °C [20]
Surface tension γ 0.025 N/m 265 °C, melt [21]
Characteristic viscosity μc 528.1 Pa · s 209 °C [18,19]
Particle radius R 3 · 10−5 m PA2200 [22]

Fig. 1. Schematic overview of axisymmetric domain Ω(t= 0) of the two viscous
particles.

Fig. 2. Schematic drawing of the extended geometry of multiple layers.
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Herein, D()/Dt denotes the material derivative, p is the pressure, μ(T, ξ)
is the viscosity function depending on temperature T and space filling ξ,
u is the velocity, ρ is the density, cp is the specific heat, t is the time, k is
the thermal conductivity, χ∞ is the final crystallinity, ΔH is the heat of
crystallization and D= (∇u+ (∇u)T)/2. Note, that we present the va-
lues of the temperature in °C in this work, while we use absolute tem-
peratures in all calculations.

From our results on the geometry of two particles, we find that it is
sufficient to only take the temperature into account to describe the
crystallization kinetics on timescales that are relevant for SLS.
Therefore, we neglect flow and assume that the velocity of the flow
u= 0 for our second case study on the larger geometry of multiple
layers. In the energy balance Eq. (3) the contribution of the viscous
dissipation is zero and the effect of the 2D laser beam Q(x, y, t) [18] is
added
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Herein, α is the absorption coefficient, ζR is the surface reflectivity, P is
the laser power, W is a measure for the ‘beam width’ taken from the
beam axis to the point where I(x) = I0 exp(−2) (analogous to the beam
radius in 3D), xb is the x-coordinate of the center of the beam, ub is the
beam velocity and yΓ − y is the distance in y-direction to the boundary
ΓA.

2.3.1. Moving domain
For the geometry of two powder particles, we solve the system of

equations on a moving domain. To correctly describe the motion of the
boundary Γ, we track it in a Lagrangian based way, i.e.

=x ud
dt

, (6)

with xΓ the coordinates of the boundary and u the velocity at the
boundary Γ.

2.3.2. Viscous model
We use an Arrhenius relation [22] to describe how the viscosity

depends on the temperature and the definition from Zuidema [24] to
describe how the viscosity depends on the degree of space filling

=µ T µ a a( , ) ,Tref (7)

with

=a E
R T T

exp 1 1 ,T
µ

a

g ,ref (8)

and

=a exp(2.5 ). (9)

Herein, μref is the viscosity at the reference temperature Tμ,ref, Ea the
activation energy and Rg the universal gas constant. Note, that both T
and Tμ,ref are absolute temperatures. All other material properties are
considered to be independent of temperature.

2.3.3. Boundary and initial conditions
On boundary Γ, a constant surface tension γ is prescribed as follows

+ =I D n I np µ T p( 2 ( , ) )· ·( ) on .s s out (10)

Herein, n is the outwardly directed unit normal vector, ∇s is the surface
gradient operator, Is = I− nn is the second-order unit surface dyadic
tensor and pout is the outside pressure. The outside pressure can be
disregarded, because the fluid is considered to be incompressible and
the material properties are assumed to be independent of pressure.
Therefore pout = 0 is assumed in the remainder of this work.

Since we assume axisymmetry, we have to impose the following
symmetry condition

=u 0 on .r sym (11)

Rigid body motion is prevented by

=u 0 at (0, 0).z (12)

We describe the particle heat loss due to convection and radiation
from the boundary Γ using

= +nk T h T T T T· ( ) ( ) on ,B
4 4 (13)

with h the convective heat transfer coefficient, T∞ the ambient tem-
perature, σB the Stefan-Boltzmann constant and ε the surface emissivity.
Note, that both T and T∞ are absolute temperatures.

As discussed earlier, we assume that the initial temperature of the
domain Ω is equal to the characteristic temperature
T(t= 0) = Tc = 209.0 °C.

Studying the crystallization time scale in Fig. 4(b) of Paolucci et al.
[15], we see that the crystallization half time t0.5 at T= 170 °C goes
towards a value of 104 s. Considering the real SLS process, the particles
are cooled down to values lower than T= 170 °C within this time scale.
Therefore, we take the ambient temperature lower than what was used
before in [18,19] and choose a value of T∞ = 155 °C. All parameters for
the sintering problem of two powder particles can be found in Table 2.

For our second case study of the domain with multiple layers, we
prescribe that each new layer has an initial temperature T= 170 °C and
is locally heated by a laser beam with a velocity of ub = 1.25 m/s and
various initial beam positions according to a given protocol. The steps
in which new layers are deposited and locally heated use a ‘building
time’ of t= 1 ·10−2 s per layer, which is fast compared to the real SLS
process. After the final layer is placed, we let the system cool down for
t= 450 s. We assume that the heat loss term of Eq. (13) acts on all four
boundaries; on boundary ΓA the convection coefficient h and ambient
temperature Ttop = 170 °C is used, whereas on boundaries ΓB−D the
convection coefficient hside, which is an approximation of the heat
transfer from powder to powder, and an ambient temperature
T∞ = 155 °C is used. To couple the heat transfer between the separate
layers, we apply the constraint [∇T · n]l = [∇T · n]l+1 at the interface
between the layers with l the number of the layer. Additional para-
meters for the sintering problem of the larger geometry are given in
Table 3.

Fig. 3. Schematic drawing of the procedure of adding layers in the geometry of
multiple layers.

C. Balemans, et al. Additive Manufacturing 33 (2020) 101126

3



2.4. Crystallization kinetics

The concept of the crystallization kinetics model was presented by
Paolucci et al. [15]. We solve the Schneider rate equations [28] for each
crystal phase with the specific nucleation density and growth rate of
PA12 for quiescent crystallization at atmospheric pressure. With this,
we describe the evolution of the number density of the nuclei, followed
by the evolution of the radius, area and undisturbed volume fraction of
the crystals. For the spherulitic crystal structures of the α′- and γ-phase,
we have

= =
t

N N
D

D
8 , 8 ,i

i i i
3, .

3, (14)

= =
t

G R
D

D
, 8 ,i

i i i i
2,

3, 2, tot, (15)

= =
t

G S
D

D
, ,i

i i i i
1,

2, 1, tot, (16)

= =
t

G V
D

D
, ,i

i i i i
0,

1, 0, tot, (17)

with Ni
.

the nucleation rate, Gi the radial growth rate, Ni the number of
nuclei, Rtot,i the sum of the radii of the crystals, Stot,i the total area of the
crystals and Vtot,i the total volume of the crystals, all given for crystal
phase i= α′, γ. For the mesophase, the morphology is described as discs
with thickness dm = 0.5 μm, leading to the following set of the
Schneider rate equations

= =
t

d N d N
D

D
2 , 2 ,2,m

m
.
m 2,m m m (18)

= =
t

G S
D

D
, ,1,m

m 2,m 1,m tot,m (19)

= =
t

G V
D

D
, .0,m

m 1,m 0,m tot,m (20)

Herein, Nm
.

the nucleation rate, Gm the radial growth rate, Nm the
number of nuclei, Stot,m the total area of the crystals and Vtot,m the total
volume of the crystals for the mesophase.

In SLS the cooling rate is slow, resulting in heterogeneous nuclea-
tion. The nucleation rate Ni

.
for each crystal phase i= α′, γ, m is given

by

=N f T
t

N
T

D
D

d
d

,i i
.

(21)

with

=N
T

c N c T Td
d

exp( ( )),N N Nref ,ref (22)

where cN is a constant, Nref the nucleation density evaluated at the
reference temperature TN,ref and fi is the growth rate fraction

=f G
G

,i
i

i (23)

for i= α′, γ, m. Herein, Gi is the relative growth rate for each crystal
phase and is given by

=G G c T Texp( ( ) ),i i G i G iref, , ,ref,
2 (24)

with cG,i a constant and Gref,i the growth rate evaluated at the reference
temperature TG,ref,i for i= α′, γ, m.

The total space filling ξ, accounting for impingement, is defined
using the Kolmogorov-Avrami equation [29]

= 1 exp ,
i

i0,
(25)

with i= α′, γ, m.
Note, that we solely model the liquid to solid phase transition. The

solid-state phase transition from α′ to γ is out of the scope of this work,
because we are primarily interested in the formation of the micro-
structure during 3D printing in terms of nucleation density and spher-
ulite size.

2.4.1. Boundary and initial conditions
Initially, all variables that are computed using the crystallization

model are set to zero. The crystallization equations are only solved if
the temperature is below the melting temperature

<T T ,m (26)

and if the space filling has a value smaller than 1

< 1. (27)

Furthermore, if the temperature increases, for example due to viscous
heating or the heat of crystallization, the amount of nuclei remains
constant. Therefore, we implement the condition

= >N T
t

0, if  D
D

0,i
.

(28)

with i= α′, γ, m.
To prevent crystallization of parts that have not been heated by the

laser beam in the larger geometry, we add an extra condition stating
that the crystallization equations can only be solved if the temperature
has reached the melting temperature T≥ Tm before the other condi-
tions Eqs. (26) and (27) are met.

The parameters for the crystallization problem of PA12 can be found

Table 2
Parameters of PA12 for SLS.

Parameter Symbol Value References

Density ρ 840 kg/m3 [21]
Surface tension γ 0.025 N/m [21]
Melt temperature Tm 178 °C [15]
Specific heat cp 2.6 · 103 J/(kg · K) [25]
Thermal conductivity k 0.24 W/(m · K) [25]
Convection coefficient h 2.4 W/(m2 · K) [26]
Surface emissivity ε 0.95 [26]
Particle radius R 3 · 10−5 m [22]
Activation energy Ea 50 · 103 J/mol [22]
Reference viscosity μref 400 Pa · s [22]
Reference temperature

(μref)
Tμ,ref 220 °C [22]

Final crystallinity χ∞ 0.327 [15]
Heat of crystallization ΔH 53.195 · 103 J/kg Courtesy of F.

Paolucci
Initial temperature T(t= 0) 209 °C
Ambient temperature T∞ 155 °C
Stefan-Boltzmann

constant
σB 5.67 · 10−8 W/(m2 · K4)

Gas constant Rg 8.31 J/(mol · K)

Table 3
Additional parameters for the sintering of multiple layers. All values in SI unites
unless indicated in the table.

Parameter Symbol Value References

Surface reflectivity ζR 0.05 [27]
Absorption coefficient α 7.8 mm−1 [18]
Laser power P 25 kW/m [18]
Beam width W 125 μm [18]
Laser speed ub 1.25 m/s [18]
Heating time tb various
Beam position xb various
Convection coefficient (sides) hside 240 W/(m2 · K)
Initial temperature T(t= 0) 170 °C
Ambient temperature (top) Ttop 170 °C
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in Table 4.

3. Numerical method

The governing equations are solved with the appropriate boundary
and initial conditions using an in-house code based on the finite ele-
ment method [30]. We discretize the domain using isoparametric tri-
angular P2/P1 (Taylor-Hood) elements for the velocity/pressure and
triangular P1 elements for the temperature and crystallization. Gmsh
[31] is used to generate the mesh. Furthermore, we perform remeshing
of the bulk mesh if the elements are too deformed and solve a projection
problem to obtain the solutions on the new mesh according to the
procedure described in [17].

For the larger geometry of multiple layers, we discretize the domain
using triangular P1 elements for the temperature and the crystallization.
To describe the discontinuity induced by the condition stating that the
crystallization equations can only be solved if the temperature has
reached the melting temperature T≥ Tm, the integration points for the
crystallization equations consist of vertices of an element only. In this
way, the crystallization equations are solved node-for-node, fully de-
coupled.

3.1. Time stepping procedure

As is described in more detail in [17,18], we start by predicting the
position of the boundary Γ from the position of the boundary Γ at
previous time steps tn and tn−1, followed by the computation of the
displacement of the fluid mesh from the boundary displacement using a
Laplace equation [32] and the calculation of the mesh velocity um.
Next, the velocity, temperature and degree of space filling are predicted
from previous time steps using

=+u uˆ ,n n1 (29)

=+T̂ T ,n n1 (30)

=+ˆ ,n n1
(31)

for the first time step, and

=+u u uˆ 2 ,n n n1 1 (32)

=+T̂ T T2 ,n n n1 1 (33)

=+ˆ 2 ,n n n1 1 (34)

for all subsequent time steps, where +ûn 1 is the prediction of the velo-
city,

+T̂ n 1
the prediction of the temperature and +ˆn 1 the prediction of

the degree of space filling for time tn+1, and un, un−1, Tn, Tn−1, ξn and
ξn−1 are the velocities, temperatures and degree of space filling at time
tn and tn−1, respectively. We use the prediction of the temperature

+T̂ n 1

and the prediction of the degree of space filling +ˆn 1 to calculate the

viscosity. This calculated viscosity together with the prediction of the
velocity +ûn 1, the prediction of the temperature

+T̂ n 1
and the prediction

of the degree of space filling +ˆn 1 are used as input for the energy
balance Eq. (3) to compute the temperature Tn+1. The material deri-
vative of the degree of space filling from Eq. (3) is computed using a
first-order scheme for the time derivative and the prediction of the
velocity +ûn 1 for the convective derivative, written in ALE formulation

= + u u
t t

D
D

( )·m (35)

= +
+

+ + +u u
t

ˆ
( ˆ )· ˆ .

n n
n n n

1
1

m
1 1

(36)

The convection and radiation heat loss term is implemented using

= + + +ˆ ˆnk T h T T T T T T T T· ( ) ( )( )( ).B
2 2 (37)

Subsequently, the Schneider rate equations Eqs. (14)–(20) are solved to
obtain the new degree of space filling ξn+1 using the new temperature
Tn+1. The material derivative of the temperature in Eq. (21) is com-
puted using a first-order scheme for the time derivative and the pre-
diction of the velocity +ûn 1 for the convective derivative, written in ALE
formulation

= + u uT
t

T
t

TD
D

( )·m (38)

= +
+

+ + +u uT T
t

T( ˆ )· .
n n

n n n
1

1
m

1 1
(39)

With the new temperature Tn+1 and degree of space filling ξn+1, the
viscosity is computed which is used in the momentum and mass balance
Eqs. (1) and (2) to compute the new velocity un+1 and pressure pn+1.
Finally, we correct the position of the boundary Γ using backward
differencing schemes as is described in [17,18].

For our second case study, we do not use predictions of the tem-
perature and degree of space filling. In Eqs. (36) and (37) we use Tn and ξn

instead of
+T̂ n 1

and +ˆn 1 and we use Tn−1 and ξn−1 instead of Tn and ξn.

4. Results

4.1. Case 1: two particles

Our first case study is the sintering problem of two powder particles
to assess the interplay between flow, temperature and crystallization
kinetics.

4.1.1. Temperature study
Since we consider quiescent crystallization at atmospheric pressure,

Table 4
Parameters for the crystallization model of PA12.

Parameter Symbol Value References

Nucleation constant cN 0.21 K−1 [15]
Nucleation density Nref 5.7 · 1012 m−3 [15]
Reference temperature (Nref) TN,ref 120 °C [15]
Growth constant cG, 6.7 · 10−3 K−2 [15]

cG,γ 4.9 · 10−3 K−2 [15]
cG,m 4.1 · 10−3 K−2 [15]

Growth rate Gref, 1.4 · 10−4 m/s [15]
Gref,γ 1.3 · 10−4 m/s [15]
Gref,m 2.6 · 10−6 m/s [15]

Reference temperature (Gref,i) TG,ref, 136 °C [15]
TG,ref,γ 123 °C [15]
TG,ref,m 84 °C [15]

Fig. 4. Difference between the minimum and maximum temperature in domain
Ω in time for the geometry of two spherical particles.
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the crystallization kinetics fully depend on the temperature field. In
Fig. 4, the difference between the minimum and maximum temperature
inside domain Ω is shown in time. The noise appearing from time
t= 90 s onward is an artifact from the machine precision. Since this
difference is small, we can conclude that the temperature field is quite
homogeneous for the cooling of two particles.

Because of the homogeneous temperature field, we calculate the
average temperature Tavg inside the domain in time to show the evo-
lution of the temperature, as depicted in Fig. 5.

4.1.2. Solidification condition
In previous work without cystallization kinetics [18,19], a solidifi-

cation condition μ(T< Tm) → ∞ was used. In this work, the solidifi-
cation of the polymer depends on a combination of the temperature T
and the degree of space filling ξ. The growth of the contact radius in
time for these two prescribed conditions is shown in Fig. 6 and the
difference in final geometries is depicted in Fig. 7.

As shown in Figs. 6 and 7, the flow is arrested within t= 1 s for sudden
solidification upon reaching the melting temperature Tm, leading to a final
geometry with visible neck region. Solidification upon reaching a low
temperature T and a high degree of space filling ξ gives a final geometry of
a perfect sphere. Because the increase of space filling takes place at a larger
timescale than the flow, the evolution of the viscosity purely depends on
the temperature during the flow time of our model geometry. The evolu-
tion of the viscosity for both solidification conditions is shown in Fig. 8.

Assuming that sudden solidification happens at the melting tem-
perature Tm might underestimate the flow time and therefore the final

geometry. However, following the Arrhenius relation for the tempera-
ture dependency of the viscosity at values below the melting tem-
perature Tm might overestimate the flow time, leading to a final geo-
metry of a perfect sphere. It is recommended to define a better relation
between the temperature and viscosity for temperatures below the
melting temperature Tm than the used Arrhenius relation. On the other
hand, our model geometry of two powder particles might be an over-
simplification of the SLS process, neglecting important temperature
dynamics resulting in an underestimation of the cooling rate and visc-
osity. Furthermore, more advanced relations between the degree of
space filling and viscosity should be investigated, for example models
that take the formation of percolating networks into account.

4.1.3. Crystallinity
We compute the average crystallinity χavg in domain Ω in time using

the numerical method as described earlier. Furthermore, we use the
average temperature Tavg inside the domain in time as input for a de-
coupled 0D calculation of the Schneider rate equations to compute the
crystallization kinetics. The result of the crystallinity in time for the two
calculation methods, i.e. using only the average temperature Tavg in a
decoupled 0D computation and using the full finite element framework,
is shown in Fig. 9.

From Fig. 9 it follows that the 0D calculation of the crystallization
kinetics is an accurate and computationally cheap way to find the

Fig. 5. Evolution of the average temperature in domain Ω in time for the
geometry of two spherical particles.

Fig. 6. Contact radius in time for solidification upon reaching the melting
temperature Tm and solidification due to low temperature T and high degree of
space filling ξ.

Fig. 7. Final shape of domain Ω for solidification upon reaching the melting
temperature Tm and solidification due to low temperature T and high degree of
space filling ξ.

Fig. 8. Evolution of the viscosity using the average temperature following the
two solidification conditions.

C. Balemans, et al. Additive Manufacturing 33 (2020) 101126

6



crystallinity for the geometry of two particles, because we can neglect
the spatial differences in our model geometry, i.e. if you know the
temperature evolution of a certain point in time, you can compute the
crystallization kinetics without the need of a full-field description. This
enables easy testing of different temperature protocols.

4.1.4. Microstructure
We solve the set of Schneider rate equations for three different

crystal phases α′, γ and mesophase. The development of the three
crystal phases in time is shown in Fig. 10. With the given evolution of
the temperature, we mostly find α′-crystals and a small amount of γ-
crystals in the final morphology. The mesophase is not present in our
system, because we do not reach the corresponding temperature. It is
known that during cooling to room temperature the α′-phase always
transforms into γ [15]. However, this is not incorporated in the crys-
tallization model as described in this work.

In Fig. 11, the total amount of nuclei per unit volume in time is
shown. The amount of nuclei seems very small; especially with respect
to the volume of the domain VΩ = 2.3 · 10−4 mm3 it can be concluded
that the probability that a nucleus is located inside the domain of the
two powder particles is negligible and that no crystals would form.
Disregarding the low value of the amount of nuclei per mm3, we find
that all nuclei are created before the space filling sets in. This suggests
that the crystals are homogeneously distributed and are of approxi-
mately equal size.

The low value of the total amount of nuclei per unit volume is
contradictory to the optical microscopy results presented in Figure 8 in

Paolucci et al. [15], where more nuclei are visible in a smaller domain
at a higher temperature. From these microscopy results we can con-
clude that the nucleation density should be much higher and that
consequently the growth rate should be smaller to obtain the same
crystallization half time. This might be due to post-condensation in-
duced by the thermal history of sample preparation.

4.1.5. Experimentally determining the growth rate
Both Paolucci et al. [15] and Zhao et al. [14] show similar results

for the differential scanning calorimetry (DSC) measurements of the
virgin sinter powder with trade name PA2200 manufactured by EOS
GmbH. In addition, Paolucci et al. [33] showed the influence of post-
condensation on the crystallization kinetics of this material. It is shown
that with increasing molecular weight due to post-condensation, the
growth rate of the α′- and γ-phase are significantly reduced. However,
at temperatures exceeding 160 °C, the crystallization half time is not
affected. To perform simulations closer to the real SLS process, we used
a mixture of virgin PA2200 powder and PA2200 powder with a thermal
history. The growth rate of this mixture was characterized using po-
larized optical microscopy (POM) measurements at temperatures
T= 160, 162, 164, 166 °C. We prepared the samples by drying the
powder for 12 h at T= 80 °C in a vacuum oven. We used a Linkam
LTS350 hotstage with TP93 controller, which we calibrated using an
embedded thermocouple. A small amount of powder was heated for 2
minutes at T= 230 °C between a glass slide with a thickness of
1.105 mm and a cover glass with a thickness of 0.145 mm. Before the
POM measurements start, we heat up the hotstage including the sample
to T= 215 °C with a rate of 30 °C/min and keep the system at this
temperature for 2 min to melt the polymer and erase the thermo-me-
chanical history. Next, we lowered the temperature to the measuring
temperature and started the image acquisition as soon as the desired
temperature was reached. An Olympus BX51 microscope equipped with
an LMPLANFI 20×/0.40 lens is used in transmission mode (cross-po-
larized) to acquire images of the crystallizing sample over time. Ex-
amples are shown in Fig. 12. In Fig. 12(a), the POM images acquired
during isothermal crystallization at T= 162 °C at times t= 420, 660,
900, 1140 s are depicted, while Fig. 12(b) shows the radius of a single
spherulite in time for the different temperatures.

Using the measured growth rates together with the crystallization
half times from Paolucci et al. [33], we can compute the nucleation
density at temperatures T= 160, 162, 164, 166 °C using the Avrami
equation [29]

= =t N( ) 0.5 1 exp 4
3

(Gt ) .0.5 0.5
3

(40)

We use the measured growth rates and the computed values of the

Fig. 9. Average crystallinity in time for a 0D calculation (with the average
temperature Tavg as input) and for a full finite element simulation on a geo-
metry of two spherical particles. Note, that the two lines lay on top of each
other.

Fig. 10. Different crystal phases in time for the geometry of two spherical
particles. Note, that the mesophase is not present in our system.

Fig. 11. Number of nuclei in time for the geometry of two spherical particles.
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nucleation density to find the new fitting parameters, which are shown
in Fig. 13 and Table 5. In Fig. 13(a), the average values of the growth
rate from measurements of two samples per temperature are shown,
where we track at least five spherulites per sample. The standard de-
viation is smaller than the marker size. Note, that determining all new
fitting parameters for the different crystal phases from X-ray measure-
ments is out of the scope of this work.

Implementing the new fitting parameters in the 0D calculation, we
find the following curves for the crystallinity in time and the amount of
nuclei per unit volume in time, as shown in Fig. 14. Using the tem-
perature protocol as given in Fig. 5, we find a slightly larger crystal-
lization half time compared to the previous results of Fig. 9. The new
value of the amount of nuclei per mm3 is more credible than the value
obtained before (Fig. 11). We still find that all nuclei are created before
the space filling sets in.

4.2. Case 2: multiple layers

From our results on the geometry of two powder particles, we can

conclude that it is sufficient to only take the temperature into account
to describe the crystallization kinetics on timescales that are relevant
for the sintering process. Therefore, we neglect flow in the following
case study on the geometry of multiple layers.

4.2.1. Crystallinity
In Fig. 15, the temperature field of domain Ω is shown at different

building times up to t= 0.25 s. In this time, the geometry is build up
layer-by-layer and the laser beam heats the layers locally in a certain
pattern using the beam parameters from Table 3. After this, the domain
is slowly cooled down, as shown in Fig. 16 for times t= 225.25 s and
t= 450.25 s. In Fig. 17, the corresponding crystallization field of do-
main Ω is shown at times t= 225.25 s and t= 450.25 s.

The process is shown in more detail in Fig. 18, where the dynamics
of the temperature T and crystallinity χ are shown in time for the
material located at points m1 = (0.4, − 0.85) mm and m2 = (0.625,
− 2.5) mm in the final geometry, respectively. The origin of the geo-
metry is located at the bottom left corner of the top layer as shown in
Fig. 2.

The material at points m1 and m2 both reach the same maximum
temperature under the influence of the laser beam, after which a cold
layer is placed on top of the structure. For point m1, the new applied
layer is not heated anymore, resulting in fast cooling to an equilibrium
value between the maximum temperature and 170 °C. The new applied
layer on top of point m2 is heated by the laser beam, which acts faster
than the cooling down of point m2, leading to a more gradual decrease
in temperature. Because of the temperatures chosen as boundary con-
ditions, the final temperature of point m1 is higher than the final tem-
perature of point m2. From Fig. 18 we find that only a small difference
in temperature behavior can change the time scale of the crystallization
kinetics quite drastically.

Fig. 12. Examples of the results of the POM measurements with (a) images during isothermal crystallization at T= 162 °C at times t= 420, 660, 900, 1140 s and (b)
the radius of a single spherulite in time at different temperatures.

Fig. 13. Fits through (a) the growth rates and (b) the nucleation densities. The values labeled ‘Paolucci et al.’ are taken from Paolucci et al. [15].

Table 5
New parameters for the crystallization model of PA12.

Parameter Symbol Value

Nucleation constant cN 0.1276 K−1

Nucleation density Nref 8.0698 · 1017 m−3

Reference temperature (Nref) TN,ref 120 °C
Growth constant cG 6.9 · 10−3 K−2

Growth rate Gref 5.9832 · 10−8 m/s
Reference temperature (Gref,i) TG,ref 144.6017 °C
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4.2.2. Microstructure
In Fig. 19, the total amount of nuclei per unit volume in time is

shown for the two locations m1 and m2 as depicted in Figs. 16 and 17.
The new crystallization parameters given in Table 5 are used. We find
that all nuclei are created before the space filling sets in, similar to our
observation in the geometry of two particles. This suggests that locally
the crystals are of approximately equal size. However, the amount of
nuclei per mm3 is lower for point m1, which was kept at a higher
temperature, leading to larger crystals compared to point m2.

5. Conclusions

We studied the crystallization kinetics of the non-isothermal sin-
tering process of two polymer particles and a larger system of multiple
layers. A numerical model using the finite element method was devel-
oped to solve the flow, temperature and crystallization problem on a
moving domain of two spherical particles that are initially connected by
a contact circle of a certain size using an axisymmetric geometry. The
flow behavior of the particles is modeled using a purely viscous con-
stitutive model, depending on both temperature and degree of space

Fig. 14. Results of the crystallization computations with the new fitting parameters from Table 5 with (a) the crystallinity in time and (b) the number density of
nuclei in time.

Fig. 15. Temperature field during the building times (a) t= 0.01 s, (b) t= 0.09 s, (c) t= 0.17 s and (d) t= 0.25 s.

Fig. 16. Temperature field at times (a) t= 225.25 s and (b) t= 450.25 s.
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filling. The effect of the laser beam during the sintering process is
prescribed as an increased initial temperature of the domain. For the
larger system, we neglected flow and we solved the temperature and
crystallization problem on a growing 2D domain of multiple rectan-
gular layers. The effect of the laser beam with a Gaussian distribution is
modeled as a volumetric source term.

From the results of the system of two powder particles, we find that
the time scale of the crystallization is much larger than the time scale of
the flow. Therefore, the two particles have become one full sphere before
solidification, which is different from the final geometry if the particles
solidify instantaneously upon reaching the melting temperature, as is used
by Balemans et al. [18,19]. Assuming sudden solidification might un-
derestimate the flow time, however following the Arrhenius relation for
the temperature dependency of the viscosity at values below the melting
temperature, as is done in this work, might overestimate the flow time.

In the domain of the two particles, the temperature is homogeneous

during the cooling of the system, which is a drawback of our chosen
geometry. Besides the full computation of the crystallization with our
finite element model, we computed the crystallization in a 0D calcu-
lation where we used the numerical results of the temperature in time
as input. This 0D calculation appeared to be an accurate and compu-
tationally cheap way to find the crystallinity for a given temperature
protocol. Looking at the microstructure, we found that primarily crys-
tals of the α′-phase are present in our system under our chosen tem-
perature conditions and that the crystals are homogeneously distributed
and of approximately equal size. We are aware that during cooling to
room temperature the α′-phase transforms into γ-phase [15]. It would
be interesting to compare both the flow kinetics and crystallization
kinetics with the experimental results of Hejmady et al. [34] in the
future. However, in recent work we showed the complexity of these
kind of comparissons for an amorphous polymer [35]. Comparing semi-
crystalline materials might be even more complex.

From the results of the system of multiple layers, we find that only a
small difference of the temperature behavior in time has large effects on
the crystallization kinetics. We assessed two locations in our domain
which have the largest differences in temperature behavior. For the
location that is kept at a higher temperature for a longer time, the
crystallization is slower and the number of nuclei is smaller, leading to
larger crystals around that point. For the location that is cooled down
faster, the crystallization is faster and the number of nuclei is slightly
larger, leading to smaller crystals around that point.

To optimize the mechanical properties of printed parts, the neces-
sary temperature protocol that leads to the desired microstructure
needs to be found. Simple 0D calculations might help with this. The
next step is to control the temperature inside the SLS machine in such a
way that this optimal temperature protocol is followed. In this work, we
neglect effects of shrinkage, warpage and porosity. These effects have to
be taken into account in this optimization problem.
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