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Abstract: Different features of polymer powders influence the process of laser sintering (LS) and
the properties of LS-parts to a great extent. This study investigates important aspects of the
“powder/process/part”-property relationships by comparing two polyamide 12 (PA12) powders
commercially available for LS, with pronounced powder characteristic differences (Duraform® PA
and Orgasol® Invent Smooth). Due to the fact that the primary influence factor on polymer behaviour,
the chemical structure of the polymer chain, is identical in this case, the impacts resulting from
powder distribution, particle shape, thermal behaviour, and crystalline and molecular structure,
can be studied in detail. It was shown that although both systems are PA12, completely different
processing conditions must be applied to accomplish high-resolution parts. The reason for this was
discovered by the different thermal behaviour based on the powder production and the resulting
crystalline structure. Moreover, the parts built from Orgasol® Invent Smooth unveil mechanical
properties with pronounced anisotropy, caused from the high melt viscosity and termination of
polymer chains. Further differences are seen in relation to the powder characteristics and other
significant correlations could be revealed. For example, the study demonstrated how the particle
morphology and shape impact the surface roughness of the parts.
Keywords: laser sintering (LS); polyamide 12; LS-process; LS-part properties

1. Introduction
The laser sintering (LS) of polymer powders is a primary shaping process by definition. A solid
body is created out of an unstructured and formless powder bed by the energy input (laser radiation).
This means that besides the shape, the properties of the part will also be created during the build
process to a great extent. The characteristic of the used powder has an especially large influence on
the part properties, as was recently summarized by Sutton et al. [1]. Furthermore, almost all of the
material and production parameters influence the final properties of the LS parts. The interference of
different build-parameters, but also their difficult and precise control, has far-reaching consequences
for the fabricated parts. For LS parts, an exact prediction of the properties is thus difficult [2].
Moreover, the highly complex LS parts are influenced by their three-dimensional orientation in
the building chamber of the LS-equipment. In the scientific literature, numerous investigations are
described regarding correlations of single build parameters and their combinations on part properties.
The following list assembles some important works in this area:

•
•

Influence of the energy density (Andrew number (An )) [3,4];
Influence of molecular properties of the polymer on the micro-structure of the parts [5];
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Energy density (An ) and part orientation in a build envelope [6];
Incomplete coalescence of polymer melt and resulting process problems [7];
Influence of powder refreshment and build temperature at a constant energy density (An ) [8];
Influence of Energy density (An ) in combination with powder layer thickness [9];
Influence of Energy density (An ) in combination with powder shape [10];
Variations of temperature in a build envelope and part cylinder [11].

It can be recognized from this shortened list with selected non-linear correlations how critical the
control of the LS-process can be regarding predictable LS-part properties. In a larger screening work by
Wegner et al. [12], the laser power, laser speed, scan spacing, powder bed temperature, layer thickness,
and orientation of the parts in the build chamber were investigated, and it could be revealed that scan
spacing, in combination with layer thickness, are the most significant in terms of the part density and
mechanical properties, if the other parameters are constant.
What is noticeable is that in almost all of the studies mentioned above, the examination is
dedicated to only one LS-material. A comparison of the processing behavior and the part properties on
at least two materials, as in this study, is rarely done [10,13]. This is surprising, as from a commercial
point of view, LS materials have been available for a long time from different sources. Both the company
Evonik (Marl, Germany) and the company Arkema (Colombes, France) supply the polyamide 12 (PA12)
polymer powders processed in LS. Evonik powders are distributed through the machine suppliers
EOS (Krailling, Germany) and 3D-Systems (Rock Hill, SC, USA) under the trade names PA 2200 (EOS)
and Duraform® PA (3D-Systems), and are therefore widely dispersed and dominate the LS market.
Arkema directly supplies the LS-powder under the trade name Orgasol® Invent Smooth to the market,
independently of the major machine manufacturers.
Due to the fact that all three materials are identical regarding their primary chemical structure,
as they are all polyamide 12, the comparison of these materials and the resulting parts can be
concentrated on secondary factors, like powder shape, particle size distribution, thermal behavior,
and microstructural and morphological differences. It is well known in the community of LS-users
(service bureaus) that the powders from the different sources behave differently in the LS-process and
create different part characteristics. A refined investigation on the influence of powder origin on the
laser sintering process and laser-sintered parts is hence obvious.
2. Materials and Methods
Two polyamide 12 (PA12) powders mainly used in industrial LS-applications were selected for
this study (As mentioned, there is a third main LS-powder on the market from the company EOS
(Krailling, Germany), named PA 2200. This material is based on Vestosint powder, and behaves in a
similar way to Duraform® PA. For this reason, it is not included in the present study):

•

Duraform® PA (abbreviated: DF-PA); Company 3D-Systems, Rock Hill, SC, USA;

•

(DF-PA is based on Vestosint® powder from the company Evonik, Marl, Germany)
Orgasol® Invent Smooth (abbreviated: Orgasol-IS); Company Arkema, Colombes, France.

It is important to realize that powders from the “Orgasol® -family” [14] and “Vestosint® -family” [15]
have been used as PA12 powders in different coating technologies and other applications in huge
quantities for decades. Both materials are fine-tuned by the suppliers for their use in LS to a certain
extent [16,17]; however, the basic powder production includes the same principle process for the
LS-powders:

•
•

Vestosint® powders are generated by precipitation [18].
Orgasol® powders are produced from direct polymerization [19].

The different production techniques have drastic consequences for the morphology of the particles,
as can be revealed with microscopy analysis. Figure 1 depicts the differences by means of Scanning
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Electron Microscopy (SEM) pictures. The differences in the shape and surface structure of single
particles can be clearly recognized. Whilst DF-PA exhibits a shape similar to potatoes (Figure 1, left),
Orgasol® particles are much more spherical (Figure 1), with a smooth and slightly wavy surface
Appl. Sci. 2017, 7, 462
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properties would not generate high-resolution parts. Due to an excessive energy input and other
processing problems like thermal bleeding, incorrect part dimensions, etc., the parts produced would
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The depicted mechanical test specimens in Figure 3 are used to investigate the surface
The depicted mechanical test specimens in Figure 3 are used to investigate the surface roughness
roughness of the parts with a measuring system from the company GelSight Inc. The
of the parts with a measuring system from the company GelSight Inc. The GelSight-System offers
GelSight‐System offers a simple yet powerful way to rapidly, reproducibly, and repeatedly
a simple yet powerful way to rapidly, reproducibly, and repeatedly investigate textured surfaces.
investigate textured surfaces. The setup is composed of a bench top with a movable glass plate,
The setup is composed of a bench top with a movable glass plate, under which a gel pad coated on
under which a gel pad coated on one side with a reflective material (sensor) is pressed onto the
one side with a reflective material (sensor) is pressed onto the sample (see Figure 4). The gel conforms
sample (see Figure 4). The gel conforms closely to the surface and lends it its reflective properties,
closely to the surface and lends it its reflective properties, thereby producing a positive imprint of the
thereby producing a positive imprint of the surface, regardless of its optical properties. The surface
surface, regardless of its optical properties. The surface is subsequently illumined and photographed
is subsequently illumined and photographed from six different directions. A height map is
from six different directions. A height map is computed from those pictures using a photometric stereo
computed from those pictures using a photometric stereo algorithm within minutes (see Figure 4).
algorithm within minutes (see Figure 4).
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Figure 3. Randomly distributed specimens as built for both investigated powders.
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Figure 4. GelSight measurements with greyscale pictures and a calculated surface height map.
Figure 4. GelSight measurements with greyscale pictures and a calculated surface height map.
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Figure 4. GelSight measurements with greyscale pictures and a calculated surface height map.
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Mechanical Properties were measured with a standard tensile testing machine (Zwick
•
Mechanical Properties were measured with a standard tensile testing machine (Zwick GmbH&Co.
GmbH&Co. KG, Ulm, Germany) regarding ISO 527‐1 under controlled environmental
KG, Ulm, Germany) regarding ISO 527-1 under controlled environmental conditions (23 ◦ C/50 r.h);
conditions (23 °C/50 r.h); samples were used without any special pre‐conditioning (dry
samples were used without any special pre-conditioning (dry conditions).
conditions).
•
Melt Volume Rate (MVR) was determined with a polymer tester Type D 4004 (Dynisco, Franklin,
 Melt Volume Rate (MVR) was determined with a polymer tester Type
D 4004 (Dynisco,
MA, USA) with the following measuring conditions: - temperature 235 ◦ C, - load 5 kg.
Franklin, MA, USA) with the following measuring conditions: ‐ temperature 235 °C, ‐ load 5 kg.

3. Results
3. Results
3.1. Processing Parameters
3.1. Processing Parameters
The elaborated processing parameters for the production of quality-optimized parts from DF-PA
The elaborated processing parameters for the production of quality‐optimized parts from
and Orgasol-IS are summarized in Figure 5. The processing parameters were assessed by an inspection
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bed, the more energy must by supplied by the laser to melt the polymer. However, the question of
powder in the part bed, the more energy must by supplied by the laser to melt the polymer.
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Differential Scanning Calorimetry (DSC) uncovers the reason for the previously described
Differential
Scanning Calorimetry
(DSC) properties.
uncovers theFigure
reason6 for
the previously
described
differences
by an examination
of their thermal
compares
the DSC-runs
of both
differences
by
an
examination
of
their
thermal
properties.
Figure
6
compares
the
DSC‐runs
polymers. Although both systems are PA12, it can be undeniably recognized from Figureof6both
that they
polymers. Although both systems are PA12, it can be undeniably recognized from Figure 6 that they
present
substantially different melting and crystallization performances. The thermal transition signals
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signals show no congruence in either 1st heating or in cooling, but only during the 2nd heating.
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The exact thermal transition values (Tm, Tmonset, Tc, Tconset
) achieved from the DSC‐runs depicted
The exact thermal transition values (T , Tmmonset
, T , T onset ) achieved from the DSC-runs depicted
in Figure 6 and their respective enthalpiesm(ΔH
, ΔHc), care csummarized in Table 1.

in Figure 6 and their respective enthalpies (∆Hm , ∆Hc ), are summarized in Table 1.

Table 1. Thermal transition points (Tm, Tmonset, Tc, Tconset) and corresponding enthalpies (ΔHm, ΔHc).

Table 1. Thermal transition points (Tm , Tm onset , Tc , Tc onset ) and corresponding enthalpies (∆Hm , ∆Hc ).

PA12 Type

First heating run
PA12 Type
Melting point Tm (°C)
First heating
runonset T onset (°C)
Melting
m
Melting point Tm (◦ C)
Melting enthalpy
ΔHm (J/g)
Melting onset Tm onset (◦ C)
Cooling
run
Melting enthalpy ∆Hm (J/g)
Crystallization point Tc (°C)
Cooling run
onset
◦
Crystallization
Crystallization
point Tonset
c ( C)Tc
Crystallization onset Tc onset (◦ C)
Crystallisation enthalpy ∆Hc (J/g)

DF‐PA Orgasol‐IS Diff. Absolute
DF-PA
187.0
180.8
187.0
110.7
180.8
110.7
143.2
148.3
143.2
148.3
48.0

Orgasol-IS
182.0
173.6
182.0
102.3
173.6
102.3
151.1
154.0 151.1
154.0
56.1

Diff. Absolute
Δ = 5.0 °C
Δ = 7.2 °C
∆ = 5.0 ◦ C
∆ = 7.2 ◦ C

Δ = 7.9 °C
Δ = 5.7∆°C
= 7.9 ◦ C
∆ = 5.7 ◦ C
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Table 1. Cont.
PA12 Type
Second heating run
Melting point Tm (◦ C)
Melting onset Tm onset (◦ C)
Melting enthalpy ∆Hm (J/g)

DF-PA

Orgasol-IS

Diff. Absolute

175.8
167.5
51.3

177.4
171.3
62.3

∆ = 1.6 ◦ C
∆ = 3.8 ◦ C

The DSC-runs in Figure 6 and the respective thermal values in Table 1 show some distinct
thermal differences between DF-PA and Orgasol-IS. The following features and findings of the thermal
properties can be derived:

•

•

•
•

The melting point (Tm ) and melting-onset (Tm onset ) of DF-PA is 5.0 ◦ C, which is 7.2 ◦ C higher
than for Orgasol-IS. This is a clear sign of why the part bed temperature for Orgasol-IS must
be drastically lowered, as the build temperature in LS-processing is typically set close to the
melting onset.
The melting enthalpy (∆Hm ) for both materials is over 100 J/g, and therefore, is two times higher
than would be expected for standard PA12 [20] as it was found in the respective 2nd heating runs
(approx. 50 J/g–60 J/g).
The crystallization point (Tm ) and crystallization onset (Tm onset ) for DF-PA is 7.9 ◦ C, which is
5.7 ◦ C lower than for Orgasol-IS.
In the 2nd heating run, all values are significantly different from their individual first heating run
and show lower values, with a tendency for the lowest values for DF-PA.

These findings give a clear indication that the polymer manufacturers adjust both materials for
optimized LS-processing. A high melting enthalpy is induced and is beneficial for a high contour
resolution of parts, as it raises the threshold for the thermal bleeding of neighboring particles. The shift
in Tm and Tc , and their respective onsets, is an adjustment to create more stable processing through
the widening of the sintering window. The sintering window is calculated using Formula 2 [22].
Sintering window (◦ C) = Melting onset (◦ C)-Crystallization onset (◦ C)

(2)

The sintering window is particularly pronounced for DF-PA with a value of 32.5 ◦ C, compared to
19.6
for Orgasol-IS. A lower onset of crystallization is a key element for the desired suppression
of crystallization during the slow cooling rates of the LS-process. DF-PA explicitly outperforms
Orgasol-IS in this context. This big difference in the sintering window is the reason for the well-known
difficulties frequently encountered in the industrial production using Orgasol-IS. If the thermal
adjustment of the laser sintering equipment is not precise, or if the temperature on the building
platform is inhomogeneous, as is regularly observed for older LS-machines, premature crystallization
may occur for Orgasol-IS during the LS-process and cause the curling or warpage of parts, leading to
a build termination. The distinct difference between both LS-powders with respect to their thermal
behavior is obvious from a DSC investigation and explains their well-known disparate behavior in
industrial LS-processing. However, the question regarding the origin of these differences still remains.
Is plain tempering of the polymers after production used to increase the degree of crystallinity in the
semi-crystalline status? In that case, the effect should be equivalent for both polymers. However, this is
not the case and the differences are hidden in a more refined adjustment of the crystalline structure.
◦C

3.3. X-ray Analysis
The adjustment of melting with respect to enthalpy and the transition point is achieved with the
different production processes of the powder materials (see Figure 1). In the case of pressure-supported
precipitation from organic solvents (DF-PA), this leads to the expected “γ-crystal-structure”, along with
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The smaller particle size distribution of Orgasol-IS, in combination with the visually identified
higher sphericity of the particles (Figure 1), should lead to a higher packing density of the powder
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Table 2. Results of the tensile and impact tests for Duraform® PA (DF‐PA) and Orgasol® Invent
Smooth (Orgasol‐IS) in different orientations and compared with data from the Material Data Sheet

Table 2.(MDS)
Results
the tensile
and impact tests for Duraform®PA (DF-PA) and Orgasol®Invent Smooth
* of of
powder
suppliers.
(Orgasol-IS) in different orientations and compared with data from the Material Data Sheet (MDS) * of
Duraform® PA
Orgasol® Invent Smooth
powder suppliers.
Value
Unit

MDS *
Present Work
MDS *
Present Work
build direction
XYZ
XYZ
ZXY
XYZ
XYZ
ZXY
Duraform® PA
Orgasol® Invent Smooth
Young’s modulus
Unit
Value
1675 ± 41 1610 ± 61
1700 ± 25 1580 ± 21
MPa
1586
1800
MDS *
Present Work
MDS *
Present Work
ISO‐527‐1
Tensile
strength
build
direction
XYZ
XYZ
ZXY
XYZ
XYZ
47.6 ± 1.5 40.6 ± 3.4
51.7 ± 0.7 29.3 ± 3.6 ZXY
MPa
43
45
ISO‐527‐1
Young’s modulus
1675 ± 41
1610 ± 61
1700 ± 25
1580 ± 21
1586
1800
MPa
ISO-527-1 Elongation at break
6.6 ± 0.7
3.7 ± 0.6
12.0 ± 0.4 1.9 ± 0.3
%
14
20
ISO‐527‐1
Tensile strength
47.6 ± 1.5
40.6 ± 3.4
51.7 ± 0.7
29.3 ± 3.6
43
45
MPa
ISO-527-1 Charpy un‐notched
32.3 ± 2.6 10.2 ± 2.0
34.6 ± 2.0 2.8 ± 0.7
kJ/m2
‐
34
ISO 197 1eU
Elongation at break
Charpy notched%
6.6 ± 0.7
3.7 ± 0.6
12.0 ± 0.4
1.9 ± 0.3
20
14
ISO-527-1
2.0 ± 0.5
2.1 ± 0.1
2.6 ± 0.5
1.3 ± 0.2
kJ/m2
‐
‐
ISO 197 1eA
Charpy un-notched
data
sheets of10.2
powder
32.3
± 2.6
± 2.0producers.
34.6 ± 2.0
2.8 ± 0.7
34
kJ/m2 * MDS-= material
ISO 197 1eU

Charpy notched
ISO 197 1eA

kJ/m2

-

2.0 ± 0.5

2.1 ± 0.1

-

* MDS = material data sheets of powder producers.

2.6 ± 0.5

1.3 ± 0.2
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The following comments and conclusions can be derived from Table 2:

•

•

•

The XYZ-orientation of the values of this work match relatively well with the MDS values for
Young’s modulus and tensile strength. This can be expected, as these values are material inherent
to a great extent.
For Elongation at the break in the XYZ-direction, only about half of the published value was
achieved. This could be due to applying high-resolution build parameters for this study.
Published mechanical data will be achieved most likely with property optimized build settings.
For the Charpy measurements, there is only one MDS value published: 34 kJ/m2 for un-notched
Orgasol-IS. As this value is consistent with this study’s measured value, it is assumed that all
Charpy data for the XYZ-direction also lie in the expected range.

So, for the XYZ-direction, all measured values are truthful compared to MDS-data. In order
to reveal the anisotropy of the parts, an analysis for the XYZ- and ZXY-direction data leads to the
following statements:

•
•
•

For tensile strength, DF-PA remains at nearly the same level, while Orgasol-IS drops to almost
half the value.
For Elongation at the break, the drop for DF-PA is about 50%, whilst Orgasol-IS loses 85% of the
initial magnitude.
Finally, in the case of the Charpy tests (un-notched and notched) for Orgasol-IS, the loss of stability
in the ZXY-direction is drastic in comparison to DF-PA.

In summary, this means that Orgasol–IS is much more affected by anisotropic mechanical
properties than DF-PA.
As LS is a layer-by-layer technology, the weak point in the microstructure of the parts is the
boundary between the layers. Based on the mechanical test results, this means that layer adhesion for
Orgasol-IS is largely reduced. A sufficient isotropy during the sintering process can be achieved by
a good interconnection of the polymer melt at the layer interface, through sufficient polymer chain
entanglement. These diffusion-driven effects are correlated with the polymer melt viscosity.
3.6. Melt Viscosity and Chain Termination
In a first and very simple approach, the melt viscosity of polymers can be determined by
MVR (Melt-Volume-Rate) measurements. If Orgasol-IS and DF-PA are measured in a virgin state,
the following values are obtained: MVR (DF-PA): approx. 60 g/cm3 and MVR (Orgasol-IS): approx.
15 g/cm3 (measurements are performed with: 235 ◦ C/5 kg). This large difference in viscosity is a clear
indication that polymer interdiffusion for Orgasol-IS is reduced, as a lower MVR-value means a higher
viscosity. A restrained mixing of molten polymer, and consequently, limited chain entanglement at the
layer boundaries of the LS-parts, would be the likely consequence.
However, there exists a second effect on a molecular level influencing the inter-layer bonding for
these polymers. The synthesis of PA12 is technically accomplished by the ring opening polyaddition
of lauryl lactam. The principle of the sequence of the reaction is presented in Figure 9 (deprived of
stoichiometric correctness). This figure schematically depicts what can be controlled regarding the
end-groups during the course of polyaddition.
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Figure 9. Polyaddition of lauryl lactam with or without end-group regulation.
Figure 9. Polyaddition of lauryl lactam with or without end‐group regulation.
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Table 3. Summary of the main features of laser sintering (LS)-powders and characteristic influences on
parts and processing.
Feature

Duraform® PA

Orgasol® Invent Smooth

production

precipitation

direct polymerisation

particle shape

“potato”
→ compromise regarding flowability

Spherical
→ more detailed parts
→ better part surfaces

thermal situation

large sintering window
→ easier processing
Crystal-size and structure!

needs homogeneous and stable
thermal conditions during processing

powder distribution

Broad
→ medium powder flowability

Narrow
→ high powder flowability
→ better powder packing density

chain termination

open chains
→ easy flowing melt
→ enhanced properties due to
“post-condensation”

Blocked
→ less powder “ageing”
(economic)

mechanical properties

increased homogeneity in all directions

pronounced drop in z-direction
(anisotropy)

5. Conclusions
Regarding the production of LS-parts, adopters of this technology can work with two principal
solutions for PA 12 standard material. The first is the precipitated “Vestosint”, and the second is the
directly polymerized “Orgasol” powder. The choice will generate differences and has consequences
for the LS-process and LS-parts. Users with a higher demand for better surfaces gain benefits from
using Orgasol-IS; however, this concurrently means that they must have a more precise control of the
thermal situation in their machine because of the reduced sintering window. Due to the controlled
viscosity of Orgasol-IS, a further advantage of this material can be realized from a commercial point of
view, as the production powder can be set to a much lower refreshing rate.
If the enhanced mechanical properties in all spatial directions are the prominent issue for the
desired LS-parts, the producer should use DF-PA. The easier processing of this powder is due to the
significantly larger sintering window, forgiving more mistakes during processing, and accepts higher
thermal instabilities in (older) LS-equipment.
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