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Abstract

Selective laser sintering (SLS) is an additive manufacturing process that, in addition to rapid prototyping, is becoming
increasingly popular to produce end-use parts. Predictable mechanical properties of the produced parts through this process
is a desired primary goal. It has long been known that the mechanical properties especially the elongation at break of SLS
components decrease in the build direction. In various test series with tensile specimen fabricated in build direction by SLS,
it was found that, on the one hand, these have a very large scatter of the elongation at break, and, on the other hand, it was
noticed that these frequently break outside the test range in the upskin radius. The upskin area describes regions that point
in a positive build direction relative to the building plate. The fracture occurs at a point where, due to the specimen cross-
section, a lower fracture stress occurs than in the test area of the specimen. This fracture leads to a much lower elongation
at break than in the case of specimens that fracture in the test area. This study investigates which mechanism triggers this
behavior. It turns out that different roughnesses can be determined in the upskin and downskin radius and different defects
can be seen in the fracture surfaces, especially in the edge areas. It cannot be predicted based on surface roughness measure-
ments or surface profiling exactly where, or in which layer the fracture occurs. However, the defects lead to a local stress
spike, at which the failure of the specimen begins.
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1 Introduction support of the parts unnecessary. This allows an efficient

use of the build space, as the parts can be positioned three

Primary advantages of additive manufacturing (AM) is that
it eases the manufacturing of geometrically complex, func-
tionally integrated and individualized parts [1-3]. Selective
laser sintering, in particular, is considered as a technically
mature and industrially relevant technology [4, 5]. As in
many AM processes, three-dimensional components are
sliced into individual layers in advance of the SLS process
[1]. In the actual manufacturing process, the complete build
platform is coated with powder in layers and selected areas
are sintered by laser. The loose powder, which has not been
fused serves as support material, which makes additional
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dimensionally. At the end of the build process, the sintered
parts are encased in the build chamber with the surround-
ing powder as support material, which is often referred to
as “part cake”. Finally, after cooling, the parts are removed
from the powder and cleaned. Unsintered powder can be
sieved and reused for future print jobs [6].

Due to its many users and great potential, the SLS process
is still a matter of interest in the research community [7,
8]. Polyamide 12 (PA12) is one of the materials commonly
used in the SLS process [9]. Therefore, many scientific stud-
ies exist regarding the mechanical behavior of components
made of PA12, which were manufactured by SLS [9-13].
However, in various investigations, it was found that some
tensile specimens, which were tested according to DIN
EN ISO 527-2, broke outside the parallel gage section [10,
14—17]. These samples differ in their mechanical behavior
and are to be considered as invalid measurements consider-
ing the standard [17, 18]. It is not clear which mechanism
triggers this behavior and how this effect can be avoided.
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The purpose of this study was to investigate the causes of
this material behavior and which design factors and process-
ing methods have an influence on this behavior. To inves-
tigate this, different tensile specimens were fabricated in
build direction using SLS. In addition to the results from the
quasi-static tensile tests, different surfaces of the specimens
were analyzed before the tensile test using a 3D profilometer
to determine a possible influence on the material behavior.
In addition, the break surfaces were conducted for the same
reason.

2 Materials and experimental procedure
2.1 Specimen fabrication

For the tests carried out, tensile specimens of type 1A were
manufactured according to DIN EN ISO 527-2 using the
SLS process, whereby the numbering of the specimens was
introduced directly in form of an embossing on the clamping
surface during the manufacturing process. The radius, which
according to DIN EN ISO 527-2 must be 24 mm, has been
varied between 14, 24, and 34 mm [17].

The specimens were manufactured on an EOS P396
SLS system (EOS GmbH Electro Optical Systems, Krail-
ing, Germany) in different print jobs with different powder
batches. All specimens were fabricated in a 90° orientation
to the build platform, i.e., in build or Z direction, as shown
in Fig. 1.

A parameter set from EOS was used for the manufacturing
parameters of all specimens (PA2200 Balance 1.0—EOQOS).
The build chamber temperature of the system was 172 °C
and the temperature of the removal chamber was 130 °C.
All samples were fabricated with a layer height of 120 um
from polyamide 12 (PA12, PA2200 EOS GmbH). To ensure
process stability and repeatability, a blend of 50% used and
50% virgin semi-crystalline polyamide 12 powder was used
as the sample material [19]. To ensure uniform crystalli-
zation and to avoid differences in the crystalline fraction

Fig. 1 Results of the surface
roughness measurements of the
specimen with the different radii
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between the sample batches, temperatures and cooling rates
were kept the same for all build jobs [9]. The samples were
de-powdered by glass bead blasting and compressed air. The
total of 63 samples were then conditioned for at least a week
in a standard climate (22 °C and 50% RH).

2.2 Testing methods

For the mechanical characterization of the specimens, a ten-
sile test was carried out according to DIN EN ISO 527-1
and -2, whereby the cross-head speed was partially varied
[17, 20]. Tests were performed at strain rates of 0.00022/s,
0.0022/s, 0.0044/s, 0.022/s, 0.044/s. The tests were carried
out in a standard climate (23 °C, 50% RH). The tests were
conducted on a universal testing machine Inspekt Table 50
(Hegewald & Peschke Mefs- und Priiftechnik GmbH, Nos-
sen, Germany), and the measurement of the change in length
was performed by means of a video extensometer (LIMESS
Messtechnik u. Software GmbH, Krefeld, Germany). The
domain length of the video extensometer was 75 mm.

The surface was analyzed with an optical 3D profilometer
VR-5000 (Keyence Corporation, Osaka, Japan). To ensure
a comparable evaluation and the batch analysis of numerous
samples, a jig was manufactured. This also ensured that the
surface scans were always performed in the same position so
that the measurement of the surface roughness and the pro-
file measurements are performed at comparable positions.
The evaluation of the surface roughness was done with the
micro camera at 80-fold magnification. A stitching of 6 sin-
gle images with a total size of 6 mm X 10 mm of each radius
of 43 specimens was taken. In addition, measurements were
made for comparative values at different magnifications as
well as measuring some samples over the entire test area
with radius.

For the measurement of surface roughness, according
to DIN EN ISO 4288, the properties of the surface must
first be known [20]. Because of the layer-by-layer buildup,
a periodic surface profile can be assumed for an SLS speci-
men built in 90° direction, similar to that of turned parts.
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Since the samples are manufactured at a layer thickness
of 120 um, it is reasonable to assume a periodic profile of
120 um with deviations due to manufacturing tolerances.
Using the VR-5000 optic 3D profilometer, an 80X magni-
fication of the surface was scanned and the profile average
of 30 profile lines spaced 5 pm apart was determined. This
procedure ensures the measurement of the entire sample
width except for the edges, where edge effects can occur.
Individual defects only influence this method if they are pre-
sent over a significant part of the sample width. In this case,
the profile lines were at 90° to the layers. The profile average
of one specimen is shown in Fig. 2.

It was found that periodic minima and maxima could be
detected, but at about double the layer thickness of 240 um.
This value must be taken as a basis for the determination of
the surface roughness in the next section.

Since the examination of the surface profiles did not
reveal any apparent defects at the points where conspicuous
fractures later occurred, the surface roughness was used as
a comparative parameter. According to DIN EN ISO 4288,
the relevant parameters are the center roughness R, and the
roughness depth R, [20]. For the present case, R, appears to
be the suitable comparative parameter. Investigations have
shown that a greater roughness depth correlates with the risk
of stress peaks and thus with crack formation and failure of
the component [23-25]. The surface roughness is measured
according to DIN EN ISO 4288 [20]. A periodic roughness
profile of RSm =240 pm was used as a basis for determining
the surface roughness. According to DIN EN ISO 4288, a
single measuring section Ir=0.8 mm with a total measuring
section of In=4 mm must be selected for the determina-
tion of the surface roughness for this RSm value [20]. The
roughness measurement of the radii was performed with this
setting.

The fracture surfaces were examined with a scanning
electron microscope (SEM) ZEISS EVO LS25 (Carl Zeiss
AG, Oberkochen, Germany) where conspicuous features
were first detected by visual inspection, which were then
examined in the SEM. The images were taken with a volt-
age of 20 kV at a chamber pressure of 30 pa by the WIWeB
GF310 department.

3 Results and discussion
3.1 Surface profiling

Before performing the tensile tests, the surface of the spec-
imens was scanned at the radii. This data was examined
for imperfections that could indicate a later stress con-
centration. No such flaws were found in the areas where
the fractures occurred. However, the measurements were
complicated by the high number of fused powder grains on
the surface. These ranged in diameter from 16 to 100 um,
with the majority of particles between 37.5 and 63 um
which are similar results to than in other research [21, 22].

3.2 Surface roughness

For the specimen with the radius of 14 mm, R, is about
20% higher in the upskin radii than in the downskin
radii over all measured samples (Fig. 1). The differences
between the R, in the upskin radii and the downskin radii
are getting less with higher radii (Fig. 1). This effect can
be explained by the shrinkage of the individual layers after
exposure. Figure 3 shows a surface measurement (B) from
an edge lying at the bottom in the build direction in the
component, and (A) from an edge lying at the top in the
build direction. While the latter is slightly warped upward
due to shrinkage and therefore has a sharp edge, the for-
mer is more rounded because the bottom edge is rounded
by warping. In combination with the staircase effect typi-
cal for additive manufacturing, this results in a sequence
of sharp edges in the upskin surface and subsequently a
sequence of round edges in the downskin surface, which
leads to different R, values. As expected, the difference in
R, between upskin and downskin surfaces decreases with
increasing radius (Fig. 4).

The larger the angle of the upskin surface relative to
the build platform, the smaller the stair step effect and
consequently also the difference in roughness.
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Fig.2 Surface profile measured in build direction on the surface of the specimen. The profile represents the average of 30 individual profile lines

spaced 5 um apart
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0,105mm

Fig.3 Sharp edge on the upskin surface of the specimen (A), round
edge on the downskin surface (B)

3.3 Tensile test

The tensile tests were performed in three batches, named 0,
1, 2. Batch 0 consisted of 20 specimens with the same radius
R =24 mm but varying strain rates. Batch 1 consisted of
13 specimens, with radius and post-processing varied. The
strain rate was kept constant at 0.024/s. Batch 2 consisted
of 30 specimens where the radii were also varied. The strain
rate for batch 2 was 0.024/s, the same as for batch 1. Large
variations were observed across all batches, particularly in
the strain at break of the individual specimens. The num-
ber of out-of-break specimens differed greatly from batch
to batch. Both Young’s modulus and tensile strength varied
little across batches. It can be concluded that the SLS com-
ponents exhibit relatively consistent properties in the build
direction. The only exception is the elongation at break,
which varies greatly both within and between batches. In
batch 2, for example, the lowest elongation at break was
~5% and the highest was ~21% (Fig. 5). Figure 5 shows the
stress—strain curves of the tensile tests for batch 2 radius
24 mm.

3.4 Fractography

After the tensile test, some fracture surfaces were examined
where either a fracture outside the test range or a particularly
low elongation at break occurred. Here, additional findings
could be collected. All fracture surfaces showed different
areas in the SEM image (Fig. 6). The fracture surfaces of the
specimen R24-5 with particularly low fracture elongation
(Fig. 6B, E) show a porous, poorly sintered edge in which
the individual powder particles are not completely molten.
This can be seen in Fig. 6B1. A closer look at this area in
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Fig.4 Schematic representation of the layers in up and downskin sur-
faces

Fig. 6E shows two different types of defects. Figure 6E1
shows large pores under the surface and a comparably wide
area from unsintered surface particles to the solid part. Fig-
ure 6E2 shows a large amount of unmolten powder particles
in the specimen. Figure 6E3 shows filamentary structures
indicating ductile deformation of the polymer chains in these
areas. In can be concluded that the crack initiation of the
specimen seen in Fig. 6B and E was on the surface. After
the crack initiated, a small area of ductile failure can be seen
(Fig. 6E3) before a brittle failure can be seen in Fig. 6B3.
In comparison, Fig. 6C and F shows the break surface of
specimen R24-4 with high elongation at break. No areas
with unsintered powder particles were found here. The sur-
face in Fig. 6C1 do not show large pores in this specimen.
The area of ductile failure Fig. 6C2 begins right next to the
surface area. Here also an area of brittle fracture can be seen
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Strain [%]

Fig.5 Stress—strain diagram of batch 2 R24. Especially the elonga-
tion at break and the tensile strength show large derivations

(Fig. 6C3). The specimen which broke outside the test area
R24-7 (Fig. 6A, D) does not show a significant difference
to the specimen with high elongation at break (Fig. 6C, E).
No areas with unmolten powder particles were found within
the fracture surface. The three distinct areas are also present
here. In Fig. 6D1, the surface area with unsintered powder
particles can be seen. One area of the fracture surface also
shows filamentary structures which indicate ductile fracture
(Fig. 6D2). Figure 6D3 shows an area of brittle fracture,
which can also be seen in Fig. 6A.

Fig.6 SEM of the break surface of three different specimen: A, D
break outside the test area, edge area D, filamentary structures D2,
brittle fracture surface D3; B, E low elongation at break, large surface
pores El, unsintered particles in the surface in E2, filamentary struc-

Table 1 shows the fracture strains and roughness values
in the upskin radii associated with the samples examined
in the SEM. The specimen which is broken outside the
test area has a significantly higher surface roughness than
the other specimens. It should be noted that the elonga-
tion at break of this sample R24-7 cannot be determined
accurately due to the fracture outside the test area. Based
on the images, it can be concluded that none of the speci-
men showed a pure brittle fracture. The defects in the mar-
ginal areas of the pores lead to a stress peak and a crack
develops here, which is soon followed by ductile material
behavior. If the stress increases further, a fracture of the
specimens occurs. The specimens show uniformly dis-
tributed pores in the fracture surfaces, similar to previous
investigations. [13, 26].

Table 1 Measured fracture strain and roughness values of the sam-
ples examined in SEM

Specimen R, upskin (um) &, (%) Characteristic at break

R24-4 91,144 21.2  Mixed

R24-5 80,263 8.04 Mixed—defects in break sur-
face visible in SEM

R24-7 104,911 - Mixed—break outside test area

ABC

Breaksurface

tures B2, E3; C, F high elongation at break, small edge area C1, no
unmolten particles, large ductile area C2, Area of brittle Fracture C3;
F shows ductile area in detail
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4 Conclusion

Tensile tests were performed to investigate the effect of
tensile specimens built in Z direction breaking outside the
test area as well as the high differences in the elongation at
break. For this purpose, the radii of the tensile specimens
were determined before the tensile test and the surface pro-
file as well as the roughness R, was evaluated. In addition,
the fracture surfaces of the specimens that either broke
outside the test area or exhibited a particularly low or high
elongation at break were examined with a SEM.

It was not possible to predict from the surface profile
at which point the specimens would fracture or whether
there would be a defect on the surface. This was because
of the large amount of powder particles fused onto the
surface of the specimen. It was found that the upskin sur-
faces had a greater roughness depth R, than the downskin
surfaces. This is a consequence of the process-related
shrinkage during solidification of the melt. This effect
increases with smaller angles relative to the build plat-
form. SEM images were taken of the fracture surfaces of
the specimens with particularly low or high elongation
and of specimens which fractured outside the test area.
The specimens with particularly low elongation showed
a comparatively large area of poorly sintered powder par-
ticles and a large transition area between the completely
fused area and fused edge particles. In these areas, large
notches and irregularities in the edge surface as well as the
aforementioned poorly sintered areas were found to be the
starting point for cracks and, thus, the low fracture elon-
gation. The porches with high fracture elongation showed
fewer defects of this type. Specimen that broke outside
the test area did not show these defects. The differences in
surface roughness between the upskin and downskin radii
could be an explanation why the breaks outside the test
area only occur in the upskin area. However, further tests
are necessary to quantify this effect. The shrinkage which
leads to the different roughness values could also lead to
residual stresses which could also be an explanation for
the break outside the test area in the upskin radii. Further
investigations, such as residual stress measurements, digi-
tal image correlation (DIC) or process monitoring with a
thermal imaging camera, are necessary to determine the
final cause of the problem.
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