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ARTICLE INFO ABSTRACT

Controlling and adjusting the thermal properties of a compound to improve the additive manufacturing process
of a polymer matrix through selective laser sintering is of key importance to achieve an optimized final part
density as well as hardness. In the past, the purpose of adding mineral fillers to polymers was primarily one of
cost reduction. Today, however, fillers are more often used to fulfil a functional role, such as improved thermal
or mechanical properties of the polymer composite [1]. In this study, the influence of calcium carbonate as a
mineral filler particle on the thermal properties in compression-molded polyamide 12 was investigated. The
particle size distribution and the filler amount within the polyamide 12 matrix were varied. The melt viscosity at
190 °C, the melting speed, melting and crystallization point as well as crystallization time at 170 and 172 °C were
analyzed. A relationship between these properties and the implementation of a specific amount of calcium
carbonate with a certain particle size distribution was observed. The study concludes, that the thermal and flow
properties of a polyamide 12 matrix can potentially be manipulated to improve a laser thermal sintering process
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insofar as the layer melt can be optimized as well as the crystallization process speeded up.

1. Introduction

Additive Manufacturing (AM), also known as 3D printing, is a layer
by layer fabrication of 3D objects from a digital model. During the
process, material is laid down in individual layers; each layer is
bonded/fused together through various techniques (sintering, melting,
curing, chemical reactions etc.) [2]. This differs from subtractive
manufacturing techniques such as machining that remove material,
which is considered a wasteful process in respect to material utilization.
AM technologies make it possible to build a large range of functional
components with complex geometries which may be difficult, or even
impossible, to realize using conventional methods. Furthermore, man-
ufacturing development cycles can be shortened when using AM,
thereby reducing production costs [3]. AM technologies have been in-
troduced in various application areas, such as aerospace [4], auto-
motive [5] artistic design [6] and biomedicine [7]. Materials commonly
used in AM are often plastic [8] or metals based [9].

In this investigation the focus is on Selective laser sintering (SLS),
that uses powder material for the fabrication of different parts directly
from computer aided design (CAD) drawings. Various common

engineering thermoplastics or metals are used [10]. The most fre-
quently used thermoplastics are polyamides/nylons, typically poly-
amide 12.

Any polymeric material/composite available in powder form can be
processed into a continuum via laser sintering. In practice, however,
many factors can prevent a successful processing outcome arising as a
result of the materials, most of which can be attributed to the variable
thermal behavior properties of the polymer/composite [11].

The optimum particle size of the composite powder, in terms of
processability, is generally monodisperse around 45-90 um displaying
high sphericity. However, composites which contain a range of particle
sizes, can be of benefit, with the smaller particles filling the gaps be-
tween the larger particles to increase density whilst maintaining ade-
quate powder flow [11].

Besides an optimal particle size and morphology of the composite,
the chemical interaction between the composite fractions can be of
advantage, or disadvantage, as well, influencing both processability
(homogeneous distribution and sinterability) as well as final properties.
With the correct chemical coating on the additive, chemical interac-
tions between polymer and additive particle can be improved to
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increase processability as well as final properties of the produced ele-
ment.

During the laser sintering process, the polymer is heated to high
temperatures, causing it to change state from a solid to a softer material
and then ultimately to a viscous flowing melt. The temperatures at
which these transitions occur, and the amount of thermal energy and
time required to reach these temperatures, are polymer/composite
dependent and have the most significant effect on the ability of the
material to be processed successfully by laser sintering [11,12]. The
thermal processing window (the temperature range, which leads to a
successful sintering process) is narrow. A precise laser power, and exact
bed and feed temperatures are required, otherwise the parts could curl
or have resulting inhomogeneous density.

For neat polymers, the correct pre-heating temperature and laser
energy density is well established. The creation of a new type of com-
posite, however, needs to include an investigation of the thermal
properties to find the correct process window. An optimized composite
could result in an improved/widened thermal process window with
improved, more even thermal transfer and flowability during the pro-
cess.

2. Methodology

The first step to determine the suitability of a new type of compound
for selective laser sintering (SLS) is to compare the thermal and me-
chanical properties of compression molded compound with those of the
virgin polymer. In our case we set out to establish the beneficial role of
mineral filler compounded with Polyamide 12 in respect to sintering
energy optimization, formability and mechanical properties.

2.1. Materials

The mineral filler used for this study was commonly applied calcium
carbonate (GCC), in this case Omyacarb® 10-AV, a marble-derived
product provided by Omya International AG (Baslerstrasse 42, 4665
Oftringen, Switzerland).

SLS-approved Polyamide 12 (PA2200) was obtained from EOS e-
Manufacturing Solutions (Electro Optical Systems, Robert-Stirling-Ring
1, 82152 Krailling, Germany).

General material specifications are listed in Table 1.

2.2. Pigment production

The various further modifications of the raw filler material were
made using a wet grinding process.

The GCC-feed was dispersed in demineralized water to a solids
content of 35 wt% and ground in suspension with the use of an agitator
ball mill (Dyno’-Mill KDL-Pilot from Willy A. Bachofen AG
Maschinenfabrik, 4132 Muttenz, Switzerland) having grinding beads of
zirconium dioxide with a particle size of 0.7-1.4 mm.

The volume defined particle size distribution of the resulting sus-
pensions was determined after diluting in demineralized water, stabi-
lizing with approx. 500 ppm of a polyacrylate based dispersant agent,
using a laser time-average light scattering particle size analyzer,
Malvern Instruments Mastersizer 3000 (Malvern Panalytical Ltd.,

Table 1
Material specification.

Omyacarb 10-AV PA2200

producer/supplier Omya International EOS e-Manufacturing

volume-based median particle size 9um 60 um

particle shape irregular spherical

approx. thermal conductivity at 1.3Wm™K™?! 0.2Wm~K™!
298K

approx. specific heat 0.8kJkg 'K™! 1.2kJ kg 'K™?!
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Enigma Business Park, Grovewood Road, Malvern WR14 1XZ, United
Kingdom), adopting the Fraunhofer particle scattering cross-section
model.

All ground suspensions were spray dried using a ‘GEA Niro MOBILE
MINORTM’ nozzle spray dryer (GEA Group, Peter-Miiller-Strasse 12,
40468 Diisseldorf, Germany) with an atomization temperature of
200 °C, an atomization pressure of 3 bar and an outlet temperature of
90 °C.

The specific surface area (SSA) was determined via nitrogen gas
adsorption method (BET-Method) [13] with the use of an ASAP 2460
Surface Area and Porosity Analyzer (Micromeritics’, 4356 Commu-
nications Drive, Norcross, GA 30093-2901, USA).

Fig. 1 shows the grinding efficiency of the wet grinding process for
the used GCC feed sample. With increasing grinding time, the volume
median particle size decreases and the specific surface area of the
particles increases. Noteworthy is the observation that although the
volume-based median particle size dvs, tends toward a plateau fine
value after extended grinding time, the specific surface area continues
to rise exponentially. This indicates that the particle size distribution
broadens extensively during the grinding process, generating high le-
vels of very fine particles, which, although they do not contribute to a
high-volume fraction as dvso tends slowly toward a fine constant,
contribute to a rapid increase in the surface area.

Table 2 shows an overview of the resulting properties of the pro-
cessed filler pigments after the drying step.

2.3. Composite manufacturing

2.3.1. Preparation of formulations

The solid polyamide 12 powder was homogeneously premixed with
the specific weight-defined amount of pigment filler, as shown in
Table 3. This powder processing resulted in a homogeneously mixed
powder blend, which was used directly for compression molding.

Since the interaction between the filler pigment and the polymer
occurs at the interface between the two, we choose to describe the
surface area introduced by the filler at the given loading per given mass
of polymer. Fig. 2 shows an overview of the pigment surface area in
ratio to 100 g of polymer in the compound matrix as a function of dvsg
and increasing filler loading level.

With the chosen filler loading level, we were able to cover the range
of up to approx. 150 m? of filler material per 100 g of polymer with all
given particle size distributions, without influencing the brittleness of
the resulting extruded compound. At a filler surface introduction above
~ 200 m? per 100 g polymer, the compound started to lose its elasticity
and was, therefore, not included in this study. An increased amount of
pigment filler A, higher than 20% weight, was also not included due to
a significant increase in the compound melt viscosity resulting from the
introduction of such a large amount of coarse pigment filler particles.

2.3.2. Compression molding

Compounds were compression molded via a twin-screw extruder
system (Extruder ZE 12 from Three-Tec GmbH, 5703 Seon,
Switzerland).

The barrel-length was 25 cm and the twin-screws had a diameter of
12 mm with a flank pitch of 12 mm. The barrel temperature was split in
three parts along its length, with an inlet temperature of 160°C, a
compounding zone at 200 °C and an outlet temperature of 170 °C. The
twin-screw rotation speed was kept constant for all trials at 90 min~*
(rpm), resulting in a compound residence time of approximately 30 s.

The compression molded compound was formed through a filament
nozzle with a diameter of 2 mm and granulated into cylindrical pellets
with a length =1 mm.

The compression molded samples were stored at a constant relative
humidity of 50% at a temperature of 22°C for at least 24h before
analysis.
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Fig. 1. Wet grinding efficiency of calcium carbonate: comparison of the volume median particle size dvs, and the specific surface area in dependency of the grinding

time.

Table 2
Resulting pigment data after drying step.

Filler Grinding dvso/pm Specific surface
Definition time/min.kg ™! area/m>g "

A 0 10 = 0.5 1+03

B 2 5 + 05 2 + 0.2

C 14 2+ 0.1 4 = 0.5

D 120 1 =01 16 = 1.0

E 2250 0.2 + 0.05 50 *= 3.0

Table 3

Overview of the produced compounds at different filler levels as well as the
resulting filler surface in the polymer matrix.

Sample Filler CaCO3; amount  PA2200 CaCOs; surface per
definition (% weight) amount (% 100 g PA2200 (m?)
weight)
Al A dvsy: 2.5 + 0.1 97.5 + 0.1 3.3 + 0.1
A2 10 um 5.0 * 0.1 95.0 + 0.1 6.8 + 0.5
A3 SSA: 10.0 = 0.1 90.0 + 0.1 14.4 = 1.0
A4 1m?g?! 20.0 = 0.1 80.0 = 0.1 32.5 = 2.0
B.1 B dvsy: 5.0 * 0.1 95.0 + 0.1 9.5 + 0.5
B.2 5um 10.0 = 0.1 90.0 + 0.1 20.0 + 1.0
B.3 SSA: 20.0 + 0.1 80.0 + 0.1 45.0 + 2.0
B.4 2m?g? 40.0 + 0.1 60.0 + 0.1 120.0 + 5.0
c.1 C dvsy: 2.5 = 0.1 97.5 = 0.1 10.3 = 0.5
c.2 2pum 5.0 + 0.1 95.0 + 0.1 21.1 + 1.0
c.3 SSA: 10.0 + 0.1 90.0 + 0.1 44.4 + 2.0
c.4 4m?g?! 20.0 = 0.1 80.0 + 0.1 100.0 + 5.0
D.1 D dvsy: 2.5 + 0.1 97.5 + 0.1 41.0 + 2.0
D.2 1pum 5.0 * 0.1 95.0 + 0.1 84.2 + 5.0
D.3 SSA: 10.0 + 0.1 90.0 + 0.1 177.8 + 5.0
D.4 16m?g?  20.0 + 0.1 80.0 + 0.1 400.0 = 10.0
E.1 E dvso: 0.2 = 0.1 99.8 + 0.1 9.0 = 0.5
E.2 0.2um 0.5 + 0.1 99.5 + 0.1 24.0 + 1.0
E.3 SSA: 1.0 £ 0.1 99.0 + 0.1 48.0 + 2.0
E.4 50m?g? 25 % 0.1 97.5 + 0.1 122.0 + 5.0

2.4. Composite analysis

2.4.1. Scanning electron microscopy

The uniformity of compounding, with emphasis on the homogeneity
of filler distribution within the polymer/filler matrix, was observed
using scanning electron microscopy (SEM).

The granules were pressed above the melting point at a temperature
of 210°C onto a steel metal plate with a thickness of =2mm. The
pressed compound samples were embedded in epoxy resin and SEM
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specimens were prepared by cutting to form a planar internal surface
with a diamond knife of 20 um and afterwards with 15 pm thickness
and polishing with corundum (0.05 pm). The specimens were studied
with a field emission SEM (Zeiss Sigma VP, Carl-Zeiss-Strasse 22, 73447
Oberkochen, Germany) in variable pressure mode (50 Pa) at 20 kV and
a 60 um cover.

2.4.2. Thermal response analysis

Laser sintering depends on the material heat conductivity, thermal
capacity and melt flow properties. Therefore, the phase change beha-
vior in response to the thermal energy input is an important measure of
suitability for SLS [14].

2.4.2.1. Melt flow index. The melt flow index (MFI) is defines as the
mass flow through a standard die under a given pressure. The units are
reported as grams throughput in 10 min, in response to a constant
piston pressure at a temperature at/above the melting temperature of
the polymer or compound. For a pure polymer the MFI is an assessment
of average molecular mass and is an inverse measure of the melt
viscosity [14].

The MFI was determined with the use of a CEAST Melt Flow Index
Tester Model 702700 (Schenck Technologie-und Industriepark,
Landwehrstrasse 65, 64293 Darmstadt, Germany), according to the DIN
EN ISO 1133 guidelines.

The compound was pre-heated in the instrument cylindrical barrel
for 5 min without pressure load at 190 °C. Afterwards a constant piston
pressure, arising from a loading of 2.16 kg, was applied to the material
and pressed through a die with a diameter of 2.095 mm. The measuring
length, which the material travels in the barrel, was kept constant at
20.00 mm.

2.4.2.2. Thermal mechanical analysis. When polymers in their
stationary state are subjected to a high mechanical load (strain), they
tend to yield when a critical static stress is reached prior to flow. At its
viscoelastic state, the elastic structure may harden as strain increases
until the viscous flow dominates after the dynamic yield stress point is
reached. Thermal Mechanical Analysis (TMA) provides a technique to
study the viscoelastic nature of polymers/compounds at their melting
temperature [15,16]. Through TMA analysis the liquefaction rate of a
compound can be determined at its melting point as a function of
energy input rate, related to the latent heat of the phase change. The
thermal melting inflection slope (Tism) shows the percentage force
drop occurred at the temperature increase of 1°C during the melting
process of the compound.
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Fig. 2. Resulting pigment surface in the compounded polymer matrix in dependency of the median particle size of the filler material.

A Mettler-Toledo (Im Hackacker 15, 8902 Urdorf, Switzerland)
TMA/SDTA 840 apparatus was used to monitor the liquefaction rate of
the compounds under a continuous nitrogen flow of 10 cm® min™. The
samples were heated from 100 °C up to 200 °C at a rate of 10 °C min™
under a constant sample deformation of 0.01 N.

2.4.2.3. Differential scanning calorimetry. The temperature transitions
and melting range of polymers and compounds can be observed by
recording a difference of the thermal energy response of a sample in
relation to a reference material. Differential scanning calorimetry (DSC)
records the heat capacity difference as a function of temperature/time.
The reference and the sample are heated at a specific heating rate above
the melting temperature of the sample, and afterwards cooled at a
specific cooling rate under the crystallization point. The differential
heat capacity is determined according to whether more or less heat is
needed to be given to the sample to maintain both it and the reference
at the same temperature [17].

During the melting process, more heat is required to increase the
sample temperature at the same rate as the reference. This is due to the
absorption of heat by the sample (endothermic phase transition). As the
sample crystallizes under cooling, less heat is required to keep the
temperature at the reference level due to the exothermic phase transi-
tion from liquid to solid.

By observing the difference in heat flow between the sample and
reference, differential scanning calorimeters are able to measure the
amount of heat absorbed or released during such transitions [18].

DSC curves were recorded on a Mettler-Toledo DSC 823 apparatus
under a continuous nitrogen flow of 50 cm®min”. The samples
(=7 mg) were heated to 100 °C, kept at constant temperature for 2 min,
heated up to 200 °C at a rate of 5°Cmin™ and then kept at a constant
temperature for an additional 2 min. Afterwards the melt was cooled
down to 100 °C at a rate of 5°Cmin™ to analyze the exothermic phase
transition. Fig. 3 shows the schematic temperature program used for the
melting and crystallization temperature determination measurements.

To achieve additional knowledge of the detailed crystallization ki-
netics, the crystallization time was measured for different constant
temperatures to provide a record of the material's isothermal response
[19]. The samples (=7 mg) were heated to 100 °C, kept constant for
2 min, heated up to 200 °C at a rate of 20 °C min™', cooled down with a
cooling rate of 40 °Cmin™ and finally kept at the measuring tempera-
ture of 170 or 172°C to analyze the crystallization time. Fig. 4 shows
the schematic temperature program used for the crystallization time
determination measurements.
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3. Results and discussion
3.1. Morphology

The SEM pictures in Fig. 5 show the elemental contrast within the
sample, where the filler materials reflect more electrons and appear
brighter (white spots on the image) than the polymer matrix, which
constitutes the black (electron-absorbing) background. The degree of
the compounding homogeneity at the relatively high loading level of 20
w/w% filler can be seen across the different SSA values increasing
stepwise from 1m?g™ up to 16 m? g ™. The highest surface area filler
(SSA of 50 m? g'l) is shown only at the low filler level of 2.5%.

It can be seen, as exemplified in the case of sample A with 33 m? as
well as sample B with 45 m? and sample C with 100 m? filler per 100 g
polymer, the filler material is homogeneously distributed throughout
the polymer matrix. There are slight aggregates visible, for the com-
pounds with the higher amount of calcium carbonate with an SSA
=16 m? g™, such as sample D with 400 m? or sample E with 122 m? of
pigment filler per 100 g polymer. Such filler material aggregates, if
occurring frequently in the composite, can strongly influence the
thermal as well as mechanical properties of the compound. It is well
known, that a suitable surface coating of a filler material, like calcium
carbonate, in advance of the drying or compounding step, reduces
particle-particle interactions, reducing, in turn, the agglomeration be-
havior. The coating can also be designed to increase the compatibility
with the polymer and so additionally improve the dispersing behavior
[20]. However, given the relatively homogeneous filler distribution
observed in this case, we can conclude that any remaining small ag-
glomerates most likely result from aggregation between the untreated
surfaces of the fine particles rather than an inherent incompatibility of
the particle surface in contact with the polymer.

3.2. Thermal properties

3.2.1. Melt properties

The determination of the melt viscosity showed a clear dependency
on the filler particle size as well as the processing-induced surface in the
compound matrix. To express this effect of particle size, independently
of surface area, an analysis was made loading to a level that provided
equal surface area within the matrix across the various filler samples.
As can be seen in Fig. 6, the coarse filler particles show a greater in-
fluence on the resulting melt viscosity at 190 °C than the addition of the
equivalent surface amount of fine calcium carbonate particles.

Since a quick and homogeneous melt distribution during the laser
sintering process is key to efficient and reliable structure forming
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Fig. 3. Schematic temperature program used in differential scanning calorimetry measurements for melting and crystallization behavior.

[11,19], plus sufficient flow and molecular diffusion to intersperse the
newly applied layer with the previous one during AM, a large increase
of the melt viscosity arising from the addition of filler would not be
beneficial. With the use of very fine filler particles in the polymer
matrix, the filler material surface-polymer interface can be increased up
to 100 m? per 100 g Polyamide 12 without influencing the melt visc-
osity. Using finer filler particles with a smaller single-particle volume
than that of coarser filler particles results in a better melt flowability,
and hence has less influence on the melt viscosity in comparison with
the implementation of coarser calcium carbonate particles.

The determination of the melting speed observed in thermal me-
chanical analysis indicates that the influence on the melting inflection
slope shows a clear filler particle size dependency, as well as filler
surface area dependency. Fig. 7 shows how the melting speed can be
increased with the implementation of a low amount of larger filler
particles in the polymer matrix. With a reduction of the filler particle
size, the influence on the melting speed is reduced. A lower Tism-value
describes a quicker melting process.

A similar effect can be seen in the DSC determination of the melting
point as well as the broadening of the melting transition region. With a
low amount of coarser filler particles, the melting point can be lowered,

190

170

and the transition narrowed significantly, compared with the im-
plementation of finer filler particles. Fig. 8 shows this influence of the
particle size as well as filler surface area in the polymer matrix on the
melting point and Fig. 9 the additional melting transition breadth be-
havior, given by the peak width of the total time over which the tran-
sition occurs.

We see that finer particles lead to less disturbance of the overall
thermal response properties of the polymer, whereas the inclusion of
larger particles increases the melt rate and sharpens the transition re-
sponse, but in doing so raises the melt viscosity. These thermal effects
can be explained as resulting from the higher thermal conductivity and
lower specific heat of calcium carbonate versus polyamide 12, such that
thermal energy is stored less and released more rapidly to the sur-
rounding polymer by the filler particles than the polyamide 12 parti-
cles. Due to a higher single-particle volume of the coarser calcium
carbonate particles, more thermal energy can be transmitted in com-
parison with a multitude of single fine filler particles. This results in a
greater influence on the melting behavior of the compound with the
input of a few coarse instead of many fine calcium carbonate filler
particles.

With an increased melting speed and a reduction of the melting

150

measuring temperature / °C

110

90

10 15

20

25 30 35 40 45

measuring duration / min

Fig. 4. Schematic temperature program used in differential scanning calorimetry measurements for crystallization time behavior.
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Fig. 6. Melt viscosity at 190 °C against added filler surface in correlation with
the volume-based median particle size dvsg of the filler material.

point as well as melting transition breadth, the polymer melt can be
distributed quicker in the current layer, which is considered to result in
an increased final part density as well as a possible increase in printing
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speed [11].

Fig. 10 reveals the influence of the filler particles on the crystal-
lization point of the polymer compound, detected during cooling in
DSC. It can be observed that down to a filler volume median particle
size dvso of 1um, the influence on the crystallization point shows a
clear dependency on added filler surface. With an increased filler sur-
face area in the polymer matrix, independent of the volume median
particle size, the crystallization point of the compound can be raised
significantly. With the use of sub-micrometer calcium carbonate parti-
cles, the influence on the crystallization point can be increased above
that of the effect with coarser filler particles. This can be explained with
the increased filler particle number in the compound at a given mass
loading following the inclusion of submicrometer/nano calcium car-
bonate particles in the polymer matrix. Due to the reduced single-par-
ticle volume of fine filler particles, the amount of nucleation points for a
crystallization to occur during the temperature reduction is greater and
more homogeneously distributed, resulting in a larger impact on the
crystallization point.

With a more detailed analysis of the crystallization kinetics through
the determination of the crystallization time at a certain temperature, it
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material.

can be observed that the crystallization kinetics show a clear depen-
dence on the added filler surface area. Fig. 11 shows how the crystal-
lization time on cooling to 170 °C can be manipulated with a given
amount of calcium carbonate particles in the polyamide 12 matrix,
independent of the volume median particle size of the filler. Thus, the
findings clearly support the hypothesis that the crystallization point is
dependent on particle number, i.e. nucleation points.

By cooling only to 172 °C, a more precise investigation can be made
regarding crystallization time. As a result, it can be observed that a
small amount of coarser filler particles has a greater influence on the
crystallization time than the equivalent surface area comprising finer
particles. In Fig. 12, it can be seen how only a limited amount of <
20 m? surface area per 100 g polyamide 12 consisting of coarse filler
particles, having a volume-based median particle size dvsy = 5um,
show a larger reduction of the crystallization time than the equivalent
surface area consisting of finer calcium carbonate particles. In the iso-
thermal state of the measurement, the higher single-particle-volume of
the coarser filler particles results in the effect that more thermal energy
can be taken out of the polymer matrix at a faster rate than with the

183.0
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182.4
182.2
182.0

181.8

melt point /°C

181.6

181.4
181.2

181.0

50
added carbonate surface / m? per 100 g PA12

same amount of associated finer particles. Through this effect, the
surrounding polyamide matrix can be cooled down more effectively
and, therefore, results in a shorter crystallization time, even though the
amount of nucleation points is reduced with the smaller amount of
coarser filler particles. Thus, similarly as we saw previously with the
melt-comparison, the implementation of finer particles leads to a
change in crystallization point, but the use of larger particles reduces
the time over which that crystallization occurs.

The speed of the laser sintering additive cycle during part formation
is strongly limited by the crystallization time of each layer before the
next powder layer can be spread on the previous one. Several different
authors have described the influence on the final part density arising
from the precise relationship between powder bed temperature, energy
density and time between layers [21-26]. It was shown that, if the
powder bed temperature is reduced too much, the risk of curling due to
rapid cooling rate, and/or shrinking, resulting from a too high laser
energy input during the sintering process increases. If the powder bed
temperature is set too high, the printing time for each layer will in-
crease and/or the separate layers won't crystallize properly resulting in
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moving average trendline

100 150 200

Fig. 8. Differential Scanning Calorimetry — melting point against added filler surface in correlation with the volume-based median particle size dvsq of the filler

material.
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Fig. 9. Differential Scanning Calorimetry — melting peak width as a function of added filler surface in correlation with the volume-based median particle size dvs of
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Fig. 10. Differential Scanning Calorimetry — crystallization point as a function of added filler surface in correlation with the volume-based median particle size dvsg

of the filler material.

a printing failure. With a controlled reduction of the crystallization time
for the printing compound, the laser energy input as well as the printing
time can be reduced. The well-known property advantages, in respect to
material stiffness and controlled impact resistance, on adding calcium
carbonate in a polymer matrix can be expected to provide additional
resistance to the shrinking/curling behavior [20]. In addition, parts
displaying enhanced brightness and opacity can be constructed.

4. Conclusions

In this study, calcium carbonate — polyamide 12 composites have
been produced via compression molding using calcium carbonate as
filler material with different particle size distribution and related spe-
cific surface area. The influence of the filler particle size as well as the
added filler surface in the polymer matrix on the thermal properties has
been studied with respect to composite sintering and property perfor-
mance in additive manufacturing processes.

It has been demonstrated that the thermal properties display de-
pendence on the added filler amount as well as the particle size of the
filler:

e The melt properties of the compound is highly dependent on the

filler volume-based particle size. As finer the calcium carbonate

particles in the polymer matrix become, the less influence the filler

particles have on the melt:

O the melting transition shows a particle size as well as filler
amount dependency. Coarser calcium carbonate particles gen-
erate a marked increase in the rate of melting. With the addition
of <20m? of filler surface per 100 g polyamide 12, comprising
coarser calcium carbonate particles, the melting speed as well as
melt transition width can be significantly reduced.

e The crystallization behavior on cooling shows a particle number and
total surface area dependency:

O with the addition of sub micrometer filler particles, the effect on the
crystallization point can be increased markedly. Addition of <20 m?
of filler surface per 100 g polyamide 12 consisting of coarser calcium
carbonate particles, the crystallization time can be significantly re-
duced. However, adding a high number of fine carbonate particles
results in a raising of the crystallization point due to increased nu-
cleation.

In conclusion, the work shows that the thermal and flow properties
of a polyamide 12 matrix can potentially be manipulated to improve a
thermal sintering process insofar as the layer melt can be optimized as
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Fig. 11. Differential Scanning Calorimetry - crystallization time at 170 °C against added filler surface in correlation with the volume-based median particle size dvsg
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Fig. 12. Differential Scanning Calorimetry - crystallization time at 172 °C against added filler surface in correlation with the volume-based median particle size dvsg

of the filler material.

well as the crystallization process speeded up.

Further investigations will be conducted on the compound me-
chanical properties as well as the behavior during the additive manu-
facturing process.
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