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Abstract—Selective Laser Melting is an additive manufacturing technique, using a laser to promote the fusion followed by the solidification of a powder bed into a component. One of the most interesting topics about this process is
the coalescence behavior of particles taking place in the
powder bed during exposure. The coalescence of particles
has been investigated in different fields of materials. Polyamide 12 (PA12) is a polymer material which is usually used
in the selective laser melting process. Therefore, the characterization of the sintering behavior of PA12 powder plays an
important role to improve the performance of the material
and the process.
The purpose of this study is to investigate the sintering
process of PA12. The main goals are: to calculate the neck
growth during isothermal sintering process based on the
modified Frenkel´s model; and to compare the sintering
model with results from microscopic observation of PA12
powder in the hot stage. Important parameters for the sintering model such as temperature-sensitive viscosity and
surface tension are measured in this paper. Furthermore,
the effects of heating rate and sintering temperature on the
neck growth were investigated by the microscopic observation of molten particles in the hot stage. The modeling
showed a reasonable agreement with the microscopic observation in the hot stage. Specially, the effect of the heating
rate on the sintering temperature was studied. It was confirmed that the sintering behavior of PA12 powder started
at a higher temperature with increasing heating rate. Based
on the findings from this study, a preliminary methodology
for PA12 powder sintering is proposed. It provides a better
understanding of the properties of the material, and more
efficient use of the selective laser melting material.
Index Terms—coalescence, hot stage microscopy, sintering
behavior, selective laser melting.

I.

INTRODUCTION

Selective laser melting of polymeric materials is one of
several processes included in the additive manufacturing
technologies. It can be employed to generate threedimensional components quickly and with various materials. An outstanding advantage compared with other
additive manufacturing techniques such as Fused
Deposition Modeling (FDM) and Stereolithography
(SLA) is that the material is directly and completely
melted by laser irradiation without any complicated post
processing steps [1]. In selective laser melting polymer
powder layers are heated in certain areas selectively and
sintered under the action of a laser beam. Thus, the
geometry is created layer by layer through lowering the
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work platform and applying powder repeatedly [2].
Thermoplastic polymers are converted primarily by means
of CO2 laser into the molten state.
The quasi-isothermal laser sintering describes a modelbased access approach that the construction process,
where the polymer is available with melt and powder at
the same time at the building temperature [3]. For this
reason a minimum temperature range for the melting
range is desirable, i.e., the polymer should be fully melted
upon reaching a temperature limit. The temperature interval between the melting and crystallization temperature
should be as large as possible [2]. However, polyamide 12
is mostly offered because of its hydrophilic properties and
further due to the big process window which offered to
achieve reproducible manufacturing [3].
During the selective laser melting process, there is no
pressure as in other plastics manufacturing process (injection molding, extrusion etc.) and the particles are fused to
each other. Therefore, sintering kinetics play an important
role to understand the melt behavior and movement. Hardly any specific sintering models of plastics for the
selective laser melting are available. Sintering is a technical terminology of the consolidation and compaction of
powder into a compact due to temperature treatment [4].
The geometric observation of a two-particle model provides the relevant parameters and allows a simplistic description of the sintering. This paper deals with the sintering behavior of two equal-sized particle sintering model
for selective laser sintering.
The contour of two spheres of a sintering process is
schematically presented in Fig. 1. The particle radius a0 is
estimated from the measurements of the projected area of
the particles. The angle of the intersection and the radius
of the neck are denoted by !(t) and x(t), separately. This
increases the radius a on the both spherical elements, until
the complete coalescence is achieved in a larger sphere of
radius a f = 3 2a 0 [5].

Figure 1. Schematic geometry of two particles during sintering
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It is widely accepted to divide the overall sintering process in three sequential stages. In general, these stages are
not discrete, and usually, there is a considerable overlap
between two consecutives ones. These stages are defined
according to the morphology of the grains and the porosity
[6].
a. First stage (formation of the sintering neck): necks
are forming and growing between particles. At the
end of this stage, the contact area increases by up
to 20 % with only a small densification (interparticle penetration). The grain boundaries between the particles remain in the contact plane due
to the tensile stresses resulting from the surface
tension.
b. Second stage: continuous network of pore channels along the grain edges. During this stage, the
pore channel shrinks and grains grow. Most of the
densification, and also the growth in the contact
area, occur during this stage.
c. Third stage (densification): The pore channels
continue to shrink until they pinch off and form
isolated spheroidized pores. In this stage, the pore
volume fraction asymptotically approaches zero.
In some cases, these closed pores may trap gases,
making their elimination difficult [6].
Sintering occurs by diffusional transport of matter alone
definite paths that define the mechanisms of sintering. The
six common material transport mechanisms are:
a. Viscous flow
b. Surface diffusion
c. Volume diffusion
d. Grain-boundary diffusion
e. Evaporation and condensation
f. Melt adhesion [5, 6]
Due to high molecular weight there is no evaporation
and diffusion in the case of polymer sintering. There is no
significant compression with the polymer particle, whereby the crystal structure can be obtained eliminating it is
generally accepted that a viscous flow is the dominant
mechanism in polymer. First analytical model for the
sintering of two spherical particles was derived by Frenkel
[7] in 1945. It describes the rate of coalescence occurring
by viscous flow, which is shown below, where t is the
sintering time, a0 is the particle radius, " is the surface
tension and # is the viscosity [5, 6, 8]. Knowledge of the
function of viscosity and temperature is everywhere of
great interest, where the rheological properties of substances to be considered in a wide variety of temperatures.
Another temperature-dependent characteristic is the surface tension.

tion of Frenkel´s model has been proposed by Pokluda et
al. [9] to predict the complete coalescence of two spheres
with an assumption: constant strain rate on the particle
geometry [10].
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Fig. 2 shows the sintering kinetic estimations for the
Frenkel´s and modified Frenkel´s models [9]. On the x
axis is specified the dimensionless sintering time
t$"/(a0$#), which does not consider the material characteristic values. On the y axis is applied the dimensionless
neck radius x/a. Because of the limitations the Frenkel´s
model could describe the early sintering stage, where the
curve runs indefinitely. Numerical results from a classical
Runge-Kutta-Fehlberg method of the present modified
Frenkel´s model are presented. The initial condition was
set at the value for dimensionless time t$"/(a0$#) = 0.0001
instead of zero and from Eq.(1) !0 = 0.01. Particularly,
when the dimensionless neck radius in the graph becomes
1.0, the coalescence of the particles is completed. For this
reason, the modified Frenkel´s model will be chosen [9].
Experiments were conducted in [11, 12] using pairs of
particles inside a hot stage microscopy setup with the
ultimate objective to study the coalescence, which is a
crucial stage in the rational molding process.
As in the paper by Pokluda et al. described, that only
the dimensionless sintering time has been studied. And in
this dimensionless parameter are included four variants:
sintering time t, temperature-sensible viscosity #, surface
tension ", as well as the particle radius a0, which vary in
the selective laser melting investigations. The temperature-sensible parameters were measured as described in
chapter 2 in order to continue the modeling. Otherwise, an
efficient experimental method was examined. The main
goals are: to calculate the neck growth during isothermal
sintering process based on the modified Frenkel´s model;
and to compare the sintering model with the real sintering
behavior results from microscopic observation of PA12
powder in the hot stage.
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There are some limitations of the Frenkel´s model.
Such as the Newtonian flow behavior, no consideration of
the particle weight, constant spherical radius and small
angle nutrition. Therefore, Frenkel´s model describes just
the early step of a sintering process. In 1997, a modifica-
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Figure 2. Coalescence curves comparied Frenkel´s model with the
modified Frenkel´s model of Pokluda [9]
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II.

EXPERIMENTAL PROCEDURES

A. Materials
The experiments were performed using polyamide 12
(type: PA 2200, supplier: EOS). The particle size analysis
was carried out using a particle size analyzer Morphologi
G3s from Malvern Instruments. The particle diameter
volumetrically d50,3 is 61.4 %m, d10,3 is 45.8 %m and
d90,3 is 81.0 %m. The polyamide 12 powder used in further studies would first start with the d50,3 particle, i.e.
the particle size about 61.4 %m. For the implementation of
the differential scanning calorimetry DSC Q1000 from TA
Instruments was used. The melting peak temperature is
185 °C with a heating rate of 10 K/min.
B.

Rheological properties
As the sintering of polymers is influenced by the viscosity, it is important to determine an appropriate method
to measure the temperature-dependent viscosity. Polymers
are viscoelastic materials, which mean they are able to
show two types of deformation: reversible deformation for
the elastically behavior, irreversible deformation for viscose behavior [13].
Subsequently, the rotational rheometer was used to obtain the viscosity with zero shear rates. To achieve this
information, it was necessary to take the flow data from
the low shear region and select an appropriate flow model
to compute the data [14, 15].
Small amplitude oscillatory shear tests were carried out
on a stress-controlled rotational rheometer AR2000 from
TA Instruments with plate-plate geometry (diameter
25 mm, frequency 0.1 Hz, deformation 0.05 %). All rheological measurements were carried out in the linear viscoelastic regime as was verified by preliminary strain sweep
tests. The viscosity of the melt was measured at 200 °C,
205 °C, 210 °C, 215 °C and 220 °C. One of the difficulties
was that, polyamide 12 chain length increases due to its
post condensation at a high temperature, which results in
higher melt viscosity. Therefore, the viscosity measurement is a multi-scale measurement that, the strong interactions have all parameters (frequency, temperature, time
etc.) of each other.
C.

Surface tension measurements
Advanced knowledge of the surface properties of powder and melted polymers were required for the modeling
of the material properties. In fact, these properties affect
directly the consolidation, the wetting behavior, the contour accuracy, shape details and surface roughness [2, 15].
The experiments to measure the interfacial effect were
performed using image-based droplet over a punch geometry. The Surface tension of the plastic melts were measured at 200 °C, 205 °C, 210 °C, 215 °C and 220 °C with
Punch method in a heated cell and argon atmosphere [16].

The surface tension " was calculated by using YoungLaplace equation, where & is density of melt, g is gravity
and " is melt surface tension [11]. The equation describes
the difference between the pressure above and below the
curved elements of a liquid/solid interface.
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D.

Hot stage microscopy
Microscopic observations for sintering of polymer particles have been performed using a Linkam FTIR600
heating and freezing microscope stages, controlled with
central processor Linksys 32 software. The sample, which
consisting of two polyamide 12 particles of approximately
equal size, was placed on the stage at ambient temperature. A glass slide was used as substrate for the sintering
particles. The temperature was then set to the sintering
conditions with different heating rates between 1 °C/min 150 °C/min. The modified Frenkel´s model describes an
isothermal sintering process. To perform the comparable
experimental investigations, the sintering by hot stage
microscopy would be also isothermal [17].
III.

RESULTS AND DISCUSSIONS

A. Modified Frenkel´s model
It is essential to conduct measurements on the temperature-sensible viscosity and surface tension to derive a
sintering model. Table I presents the nomenclature of the
various samples with their temperature-sensitive viscosities and surface tensions measured between 200 °C and
220 °C. It can be claimed that, with increasing temperature, the surface tension and the viscosity are lowered
continuously. However, the viscosity is more temperature
dependent.
TABLE I.
VISCOSITY AND SURFACE TENSION MEASURES AT DIFFERENT
TEMPERATURES, THREE TIMES WITH AVERAGE AND STANDARD
DEVIATION

Temperature
(°C)

Viscosity
!
(Pa"s)

Surface Tension
#
(mN/m)

200

2616 ± 99

36.3 ± 1.7

205

2368 ± 131

35.7 ± 0.8

210

2133 ± 128

35.6 ± 1.1

215

1933 ± 65

35.0 ± 1.2

220

1778 ± 39

34.5 ± 1.0

Data has been analyzed according to the modified
Frenkel´s model for coalescence, which can be converted
into form in (4). The function d!/dt is proportional to the
surface tension and inversely proportional to the particle
size and viscosity, where viscosity doesn´t decrease linearly.

d$
#
~
dt a 0 " !

(4)

Figure 3. Schematically surface tension measurement using Punch
method
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Figure 6. Two polyamide 12 (PA 2200) particles sintering by hot stage
microscopy by a heating rate of 70 °C/min at different temperatures
Figure 4. Coalescence curves of modified Frenkel´s model of different
particle radiuses

Figure 7. Two polyamide 12 (PA 2200) particles isothermal sintering
by hot stage microscopy with silicone oil by a heating rate of
150 °C/min at 195 °C
Figure 5. Coalescence curves of modified Frenkel´s model at different
temperatures

The modified Frenkel´s model was presented for the
polyamide 12 with different particle radius between
15 %m and 50 %m at 210 °C in Fig. 4. In this figure x-axis
represents sintering time replaced with the dimensionless
sintering time.
The sintering time t99, at which 99 % of the sintering
neck growth is finished, takes for two particles with
15 %m radius 3.8 s. The particles with 50 %m radius take
then 12.6 s. The sintering time at the same temperature is
in proportion to the particle radius.
The growth of the dimensionless neck radius at the
temperature between 200 °C and 220 °C for the polyamide 12 with particle radius 30 %m is shown in Fig. 5. A
tendency is that, with increasing temperature, the particle
neck growth is faster. As has been shown in Fig. 5, the
change of sintering time t99 decreases with increasing
temperature. For example, the t99 shortened 0.8 second
from 200 °C to 205 °C, while the change of t99 between
215 °C and 220 °C is 0.5 second. After the trend can be
assumed, if the temperature continues to increase, the
shortening of the sintering time is not as significant as in
the low temperature range.
B. Experimental determination of the sintering progress
Fig. 6 presents a sintering sequence for polyamide 12
powder particles by hot stage microscopy. An evaluation
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of the particle radius was assumed, that the radius of the
projection converts back to the radius. The sintering neck
was easily recognized. Firstly, the test was conducted at a
heating rate of 70 °C/min. In this case the heating was not
homogeneous. On one hand, the upper particle has first
melted gradually from picture 1 to 5. From picture 6, the
lower particle has begun to melt, because the hot stage
was heated only from below. On the other hand, the particles were adhered to the glass slide. The small white cross
describes the center point of each particle. The positions
did not change. In Fig. 6, the sintering particle size was
more than two-times bigger than the start particle size.
Fig. 7 presents the sintering of polyamide 12 by hot
stage microscopy with silicone oil film. To minimize the
liability, the high-viscosity silicon oil was used. A drop of
silicone oil on the glass slide was first heated up to 300 °C
and held for at least 3 minutes. These would lead to a thin
film of the silicone oil. Then the particles are put on the
film. By using the silicone oil, the adhesion between the
particle and the glass plate was reduced and heat
conduction was improved.
For the analysis the particle radius was taken from the
average of the two particles. The sintering neck radius was
half of the narrowest position as shown in Fig. 1
schematic geometry.
The increases of the melt peak temperature with increasing heating rate for high-density polyethylene
(HDPE) and poly(aryl ether ether ketone ketone)
(PEEKK) have been studied in [18, 19] with the help of
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the typical measurements of the differential scanning
calorimetry (DSC) at different rates. Before the isothermal
measurements, the non-isothermal conditions have to be
measured to find the first sintering neck occur at different
heating rates in different time points. The time and temperature were recorded, thus to perform accurate isothermal measurements at different heating rates. Fig. 8 shows
the coalescence temperature is dependent on the hating
rate. With increasing heating rate, the coalescence temperature increases. With increasing heating rate the plastic
particles would be melted at higher temperature. The
highest heating rate of the used hot stage was 150 °C/min,
which reached a melting temperature at 195 °C. In the
process the powder is heated with a laser, and the laser
heating rate for polyamide 12 is substantially higher than
150 °C/min. Therefore, if an isothermal sintering process
at higher temperature would be investigated, the heating
rate would be further increased.
The experimental results of sintering dimensionless
neck growth for PA12 at temperatures of 192 °C and
195 °C are plotted in Fig. 9. The sintering neck growth
curve at 192 °C increases continuously throughout the
sintering process. The sintering curve at 195 °C shows an
agreeable trend, that the curve increases firstly very quickly and after that slows down. If the temperature decreases,
the increases in the first and second stages are also slower.
The explanation is that, the viscosity at low temperature is
small. Therefore, the flow ability is not as good at higher
temperatures. According to this tendency, they are approximately the same courses as the model with increasing
temperature. It can be concluded that there are more influencing factors of the temperature in experiments of the hot
stage microscopy.
C. Sintering modeling vs. Sintering by hot stage
microscopy
An improvement on the result shown above can be
made based on the data provided. Results of experimental
applications of this sintering analysis in Fig. 10 procedure
are given to illustrate the proposed technique. Good
agreement is observed between experimental melting
behavior of polyamide 12 and model prediction according
to (2) is shown, when a thermal and physical history is
applied. Both experimental and model curves are obtained
using the following physical and thermal history: 1)
particle size a0 ca. 30 %m; 2) isothermal step at 195 °C,
where melting has begun, but not yet completed. The
curve of the experiment was different from the curve of
the modeling. Because the decrease in surface free energy
is divided into two parts, one is for the sintering, and the
other is for the rough surface.
IV.

Figure 8. Coalescence temperature is dependent on the heating rate by
hot stage microscopy

Figure 9. Sintering dimensionless neck growth for polyamide 12
powder particles at different temperatures

CONCLUSIONS

This paper presented a theoretical and experimental
study of the sintering process of commercial polyamide 12
powders for selective laser melting. The modified Frenkel´s model has given an explanation of the sintering neck
growth is dependent on sintering time, viscosity, surface
tension and particle radius of the powder. Viscosity is a
determining factor for the modeling of the temperature.
The influence of particle radius has a lot greater than the
temperature. In conclusion, sintering time increases with
increasing of particle radius and decreasing of temperature. The results of hot stage microscopy have shown that,
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the sintering neck growth at 195 °C has agreed with the
modeling.
There is some further research for a better understanding of sintering neck growth for polyamide 12, such as:
regarding the effects of the particle diameter, particle
shape and further height temperature. The corrections
between the modified Frenkel´s model and the real investigations have to be found. And the new sintering model
for commercial selective laser melting powder is used to
develop the new materials and to optimize the process.

Figure 10. Sintering modeling vs. Sintering by hot stage microscopy
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