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ABSTRACT

Polyamide-12 (PA 2200) from EOS GmbH is widely used in selective laser sintering
(SLS) processes, but its powder quality degrades with repeated use, leading to powder loss.
To maintain part quality, 50 to 70 percent of the used powder is regenerated, with only 8 to
12 percent of fresh powder contributing to usable parts. Aged powder must be removed to
ensure desired mechanical properties. This study examines how build orientation affects the
tensile properties and surface quality of parts made with EOSINT P395 and PA2200 powder,
using Taguchi’s design of experiments. Results show that specimens printed in the z-axis
orientation had the lowest tensile strength, while those in the x-axis orientation exhibited the
highest values (43.47 MPa to 46.15 MPa). Additionally, combining new and aged powder,
along with post-heating treatment, improved the surface quality of parts, particularly when
reclaimed powders were reused.
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1. Introduction

The SLS process is a powder bed
fusion-based additive manufacturing (AM)
technique that utilizes a COolaser as a
heat source. It employs materials in pow-
der form, selectively heating and fusing
the powder particles to form complete
layers [1]. Thermoplastics, particularly
polyamides such as PA12 (Nylon 12), are
commonly used as the primary engineering
materials in SLS due to their ability to be
processed through partial melting, resulting
in parts with improved mechanical proper-
ties [2]. The SLS process typically uses
thermoplastics, with semi-crystalline mate-
rials like polyamide (PA12 or Nylon 12) be-
ing the most common powder materials for
fabrication [3, 4]. However, other thermo-
plastics, metallic powders, and composites
are also utilized in SLS to produce parts
for various applications [5-10]. 3D Sys-
tems and EOS are major suppliers of com-
mercially available PA12 powders. These
companies market materials such as Du-
raForm and PA2200, which are widely used
for additive manufacturing (AM) of func-
tional parts [11, 12].

The heating process in various AM
systems varies depending on the technology
and materials used. The EOSINT P395, an
EOS SLS machine, features a radiant heater
located at the top of the system in the pro-
cess chamber, and two convector heaters
positioned at an angle on the sides of the re-
moval build frame (removal chamber). The
heating of powder and maintaining a tem-
perature gradient is a critical aspect of the
SLS process, as widely reported by Alimar-
dani [13]. This effect has been extensively
studied by Gibson and Shi [14], who ob-
served that if the temperature difference be-
tween the process and removal chambers is
too large, it may lead to warping and delam-
ination within the layers of the part. Warp-
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ing in plastic parts is commonly caused by
improper cooling, as plastics are poor con-
ductors of heat [15]. They act as insulat-
ing media, preventing efficient heat trans-
fer from the inner core to the outer surfaces.
As a result, the outer surfaces solidify be-
fore the inner core, as noted by Tiwari et
al. [1]. Moreover, the outer surface cools
and contracts earlier, pulling the soft inner
core outward. This deformation, known as
warpage, has been widely reported in the
literature [1-3, 16, 17]. Parts with larger
flat areas are more prone to warping than
those with smaller flat surfaces. The effect
of warpage can be minimized in the SLS
process by increasing the height of the part,
as suggested by [2, 3, 12]. However, since
AM parts are built layer by layer, the ef-
fective height increases with each succes-
sive layer, which contributes to warping. If
warping is excessive, it can cause delamina-
tion of the layers. Additionally, it has been
widely studied and reported [1-3, 18] that
delamination may also occur if the previ-
ously laid layer fails to adhere or fuse with
the current layer.

To ensure proper powder spreading
during the sintering process and to achieve
optimal bonding between powder grains, a
typical melt flow rate or viscosity must be
maintained. Virgin powder, which has a
lower melt flow rate, cannot be used alone;
it must be mixed with recycled powder to
achieve the required viscosity. The recy-
cled powder is sieved and allowed to set-
tle in a dry atmosphere to eliminate any
static charge before mixing. This process is
known as powder regeneration for the SLS
process and is useful for improving the sur-
face quality and reducing the cost. For qual-
ity SLS parts, it is recommended to regen-
erate powder with 50 to 70 percent of used
powder [19-25]. However, excessive recy-
cling without adding sufficient new mate-
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rial can degrade part quality, resulting in
uneven texture and poor surface finishing.
This phenomenon, known as ”orange peel,”
occurs because the surface of the part re-
sembles the skin of an orange [1-3].

In the SLS process, the powder ma-
terial is pre-heated, and a CO» laser, con-
trolled by a scanning system, traces each
slice of the model. This process selectively
applies heat to fuse the powder particles to-
gether, forming a solid part with the desired
shape. Prolonged exposure of the powder
to heat in the part build chamber can de-
grade the material properties, as the pow-
der is subjected to temperatures of around
150°C for 10 to 12 hours during a single
run. Lowering the temperature in the re-
moval chamber can help reduce the age-
ing effects on the powder, although this in-
creases the heating time, cycle time, and the
risk of warping and delamination [26, 27].

This study is focused on evaluat-
ing how the build orientation and pow-
der regeneration collectively influence ten-
sile strength, anisotropy and surface quality
in SLS-manufactured parts. The findings
provide improved process guidelines and
demonstrate measurable reductions in sur-
face defects and dimensional inaccuracies
compared to established approaches sup-
porting more consistent SLS manufactur-
ing.

2. SLS Process Parameters

The mechanical properties and ap-
pearance quality of SLS-processed parts de-
pend on several factors, including powder
material properties, part processing param-
eters, the binding mechanism, part orienta-
tion, and post-processing. The factors af-
fecting the quality of sintered parts can be
broadly classified into two categories: (i)
factors related to the process, and (ii) fac-
tors related to the material properties, as re-
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ported by Tiwari et al. [1].

2.1 Factors linked with the process

To achieve the best surface appear-
ance, surface texture, mechanical proper-
ties, and part build rate, the part-building
process parameters, specifically layer thick-
ness, hatch distance, scan speed of the laser,
laser power, powder bed temperature, laser
beam spot size, and the chosen scanning
pattern must be optimized under conditions
designed for each factor [28-40]. For re-
peatable results, maintaining a uniform and
steady powder bed temperature is essential
[1, 20]. The selection of different process
parameters and their potential effects in-
clude: 1) Low part bed temperature and low
laser power: This combination results in
improved dimensional accuracy but lowers
part density and increases the likelihood of
layer delamination, ii) High laser power and
low part bed temperature: This combina-
tion increases the tendency for non-uniform
shrinkage and the development of residual
stresses, which may cause part curling, iii)
High part bed temperature and high laser
power: This leads to denser parts, but can
also result in part growth, iv) Large sinter-
ing depth and melt pool diameter: These
are achieved by increasing the laser’s dwell
time in a specific location and using low
laser power, which facilitates correct par-
ticle fusion at low scan speeds, v) Shorter
scan vectors: These lead to more uniform
temperature distribution during sintering,
as it takes less time to scan the next part,
minimizing heat loss vi) High energy den-
sity: This results in higher part density and
tensile strength, although increasing laser
power beyond a certain point may limit fur-
ther improvements [1, 20, 15].

The mechanical properties of the part
are generally improved at the center of the
build height compared to extreme positions
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[9, 12]. A flat sectional sintering geom-
etry is attainable at higher beam scanning
speeds [1, 25]. Increasing laser dwell time
improves sintering depth, while the pack-
ing density of fabricated parts is enhanced
with a combination of higher laser power
and lower scanning speed. Additionally,
increasing laser power improves both sin-
tering width and depth. High-density parts
can be achieved using a zig-zag scanning
pattern, as reported by Kumar [41]. More-
over, controlled microstructure and optimal
process parameters enhance part character-
istics, thereby improving part quality. Op-
timizing process parameters also leads to
better performance and efficiency of the
SLS machine. Understanding computa-
tional modeling and applying it to optimize
varying process parameters can further en-
hance performance [21]. Gibson and Shi
[25] described the relationship between ma-
terial properties and SLS fabrication param-
eters, as discussed below.

The relationship for polymer mate-
rial based on SLS fabrication parameter and
material properties are stated as

BS-p-Dp-h-[C-(T,y—Tg) +If]

P= :
(1-R)

2.1

where, T, is glass transition temperature
and T, is melting temperature of the poly-
mer, part bed temperature (73,) determines
by T, and 7, temperatures, scan speed
(SS), P is fill laser power, and scan spacing
(SCSP). In addition, p is powder density, C
is specific heat, R is reflectivity, [ is latent
melting heat and Db is the diameter of the
laser beam on the part bed. f in the follow-
ing formula represents conversion factor.

__ Py
~ (BS-SCSP)’
(2.2)

. cal
Energr density ( 2)
cm
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2.2 Factors linked with the material
properties

The density of parts fabricated via
SLS can be enhanced by using a blend
of powders with different particle sizes.
Finer particles, which have a larger sur-
face area, absorb more laser energy, result-
ing in an increase in operational temper-
ature and, consequently, improved sinter-
ing kinetics [15]. The initial packing den-
sity significantly influences the final den-
sity of the SLS part. Additionally, the rigid
network of high-melting-point solid parti-
cles in high-sintering-density regions hin-
ders the flow and rearrangement of low-
melting-point particles. Conversely, in re-
gions with lower sintering density, the lig-
uid phase can flow more freely, aiding in
the rearrangement of solid particles and pro-
moting densification. Material viscosity
also impacts the density of SLS-fabricated
parts, with higher viscosity typically lead-
ing to higher part density. The quality of the
part varies during the melting process, with
factors such as shrinkage and precision be-
ing influenced by the material’s crystalline
characteristics. Greater deviations between
the melting peak and crystalline peak corre-
late with higher dimensional precision. The
minimum layer thickness in SLS is deter-
mined by the powder particle size, which di-
rectly affects the accuracy of the fabricated
part. Smaller particle sizes are preferred for
better precision. However, these smaller
particles are more prone to oxidation due to
their larger surface area compared to larger
particles [42-49].

3. Material and Method

Prior to processing parts on the SLS
machine, it is essential to select the ap-
propriate SLS material and determine the
machine process parameters. For this in-
vestigation, polyamide (PA12), developed
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by EOS GmbH and marketed as PA2200,
is chosen as the SLS material due to its
popularity in additive manufacturing (AM)
of functional parts. Known for its high
strength, durability, and excellent flexibil-
ity, PA2200 is ideal for producing func-
tional prototypes, end-use parts, and com-
plex geometries. This powder offers good
resistance to abrasion, chemicals, and tem-
perature variations, making it versatile for a
wide range of industries, including automo-
tive, aerospace, and healthcare.

The test specimen for this study was
prepared according to the ASTM D638-10
standard [50], following the recommenda-
tions of the F42 committee’s reports ASTM
52921 [51] in Solidworks, a CAD model-
ing software. The CAD model was saved
into .stl file format. Then it was loaded in
MagicsRP software to fix errors and pre-
pare build volume. The orientations of the
test specimens relative to the coordinate
axes were selected according to L9 orthog-
onal array by Taguchi’s design of experi-
ments approach. The sequence of orienta-
tions was determined and fixed as follows:
first around the x-axis, then the y-axis, and
finally the z-axis. The minimum angle was
set at 0°, and the maximum angle at 90°,
with larger angles corresponding to sym-
metric conditions within the 0° to 90° range.
The nine orientations according to Lg array
are shown in Table 1. Five specimens per
orientation were placed in the build prepa-
ration as shown in Fig. 1.

To achieve superior quality parts, the
optimal values for the process parameters
must be carefully selected and set. The key
SLS machine operating conditions are out-
lined according to the EOS GmbH standard
operating manual for the EOSINT P395
SLS machine [50], as follows: i) Nominal
CO, Laser power: 50 W; ii) Wavelength
(1): 10.2 to 10.8 um; iii) Heater power: re-
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Fig. 1. Build preparation of CAD models in
MagicsRP software.

moval chamber: 2 kW, process chamber:
2.4 kW; iv) Temperature: removal cham-
ber: 150 °C, process chamber: 176 °C; v)
Layer thickness: 0.12 mm. The printer was
allowed to warm for 2 h before the desired
temperature reached inside the build cham-
ber. For proper investigation, five spec-
imens were prepared for each orientation
in the experimental setup All the 45 spec-
imens were printed, removed and cleaned
thoroughly after cooling of the build cham-
ber. Fig. 2 shows a photograph of the fab-
ricated specimens. Furthermore, the laser-
sintered specimens were tested using a ten-
sile testing machine, Instron 3369, as shown
in Fig. 3.

4. Results and Discussion
4.1 Part build orientation

The variations in tensile properties
with build orientation shown in Table 1 are
as follows:

The average ultimate stress experi-
enced by the specimen ranges from 43.47
MPa to 46.15 MPa. The anisotropic nature
of the PA12 material in CO2 laser sinter-
ing has been documented by early users of
SLS technology. To enable part fabrication
in any orientation, it is desirable to mini-
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Table 1. Tensile stress and strain of specimens with different orientations.

Part Orientation Speci N Max Stress Average Max Std Dev Max  Max Strain Average Std Dev
Around pecumen No. (MPa) Stress (MPa) ~ Stress (MPa) at break point Max Strain Max Strain
0 1 46.68 46.15 0.69 39.18 32.77 4.54

0 2 46.40 33.01
0 3 45.10 32.29

4 45.62 34.30

5 46.95 25.08
0 1 44.16 44.60 0.32 27.81 29.46 2.10
45 2 45.06 30.77
45 3 44.72 30.13

4 44.73 3221

5 44.33 26.36
0 1 45.07 44.90 0.37 31.09 31.59 3.42
90 2 44.82 26.60
90 3 44.38 36.62

4 45.50 29.81

5 44.73 33.82
45 1 44.92 45.76 0.56 31.25 36.16 3.52
0 2 45.80 34.06
45 3 45.89 36.46

4 45.54 37.18

5 46.65 41.83
45 1 44.33 43.84 0.43 30.93 33.30 1.90
45 2 43.34 34.94
90 3 44.38 36.06

4 43.58 32.53

5 43.57 32.05
45 1 44.43 43.47 0.84 24.76 27.08 2.24
90 2 42.31 25.16
0 3 43.49 30.13

4 42.78 25.96

5 44.34 29.41
90 1 46.57 46.10 31.25 32.26 1.80
0 2 44.87 32.61
90 3 46.51 0.62 34.62

4 46.28 29.41

5 46.26 33.42
90 1 44.92 44.47 0.55 31.09 29.68 0.87
45 2 44.85 30.13
0 3 43.86 29.17

4 43.73 29.49

5 44.98 28.53
90 1 43.96 43.93 0.40 21.72 25.85 3.65
90 2 44.42 26.44
45 3 43.78 21.64

4 44.25 30.53

5 43.27 28.93

mize anisotropy without compromising the
mechanical properties of the parts. This
anisotropy can be explained by the layer-
by-layer additive process of the powder bed
fusion SLS technique.

Initially, the powder is heated to a
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temperature just below the melting point of
the PA2200 material. As the laser scans
across the powder bed along a single vec-
tor, the heat from the laser is sufficient to
melt the powder. Adjacent molten grains
fuse together, forming necks between them,
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Fig. 2. Photograph of the specimens fabricated
along 0 0 0 orientations.

Fig. 3. Experimental set-up for tensile testing.

as shown in Fig. 4(a). When the laser scans
the next parallel vector, the level of neck-
ing between particles in this new vector will
be similar to that in the first vector (Fig.
4(b)). However, the necking between parti-
cles across the two vectors will be reduced,
as the particles from the previous vector
have cooled slightly in preparation for the
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next scan. The bonding between particles in
different layers will be further diminished
(Fig. 4(c)) due to the deposition of a new
layer of powder over the previously sintered
layer [21]. As a result, weaker properties
are observed when stress is applied perpen-
dicular to this layer-to-layer bonding.

80 11 (11
¢ v ) v (1]
gt prom AL e \ AL

Fig. 4. Schematic delineation of sintering amid
the laser sintered process, with (a) demonstrat-
ing necking between particles in a solitary vec-
tor, (b) necking between two parallel vectors,
and (c) necking between various layers.

The parts produced in the z-axis
orientation exhibited the lowest tensile
strength (see Table 1), while those produced
in the x-axis orientation displayed the high-
est tensile strength. Therefore, based on the
manufacturer’s recommendations, it is ad-
visable to orient the part so that the largest
dimensions lie in the X-Y plane, with the
height being the smallest dimension of the
part. The main effects of orientation for
means, as determined by Taguchi’s design
of experiments — Lg array for 3 input pa-
rameters (angles of orientation with x-axis,
y-axis and z-axis) with 3 levels (0°, 45°,
and 90°), are plotted in Fig. 5, while the
main effects considering the signal-to-noise
(S/N) ratio, using the "larger-the-better” cri-
terion indicating the output desired tensile
stress set to be maximum, are shown in
Fig. 6. According to S/N ratio, best ten-
sile strength is obtained on 0 0 90 orien-
tation, i.e. the part should be oriented at
0° around x-axis, 0° around y-axis and 90°
around z-axis. Figs. 7-9 display the con-
tour plots for the predicted values of ten-
sile stress based on different orientations. In
these plots, the green regions indicate pre-
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Fig. 6. Main Effect Plot for S/N Ratios.

ferred build orientation angles with respect
to different axes, the lower values of stan-
dard deviation indicated in the table 1 also
synchronize with the green area while the
higher values coincide with the blue area in
the figures, indicating that if parts are man-
ufactured keeping the orientations in green
region, uniform properties will be achieved
in manufactured part as they are associated
with better predicted tensile properties com-
pared to the blue regions.

4.2 High surface quality

The quality of parts varies with pro-
cess parameters, binding mechanisms, post-
processing, and the use of different com-
binations of virgin and recycled powders.
To maintain the required melt flow viscos-
ity and surface quality, the used powder is
mixed with virgin powder after each cy-
cle to achieve high-strength parts with im-
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Fig. 7. Contour Plot for tensile stress with re-
spect to X-Y orientation.
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Fig. 8. Contour Plot for tensile stress with re-
spect to Y-Z orientation.
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Fig. 9. Contour Plot for tensile stress with re-
spect to Z-X orientation.

proved surface quality. The experimen-
tal results reveal the following: 1) Parts
made with 100% new powder and vary-
ing post-heating times exhibit similar sur-
face properties, indicating that post-heating
has little effect on the surface quality of
parts made with 100% virgin powder, ii)
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Parts made with 100% highly aged powder,
without post-heating, show multiple layers
of insufficiently melted particles. How-
ever, post-heating of the powder results in a
denser surface with fewer non-molten par-
ticles and reduced porosity, iii) For parts
made with a 50/50 mix of new and aged
powder, and appropriate post-heating, the
non-molten particles disappear, resulting in
smooth, flat surfaces with minimal poros-
ity. These surfaces are comparable to those
made with 100% virgin powder, iv) When
using a combination of 60% or 70% aged
recycled powders and 40% or 30% virgin
powders, the surface quality of the parts is
significantly degraded, with irregular holes
and numerous non-molten particles. How-
ever, with the appropriate post-heating, the
parts become smoother with fewer non-
molten particles, decreased porosity, and
better densification, v) Parts made with
80% or 90% recycled powder and 10-20%
virgin powder, without post-heating, ex-
hibit multiple layers of non-molten particles
and a porous structure, similar to parts made
with 100% aged powder. Post-heating (e.g.,
330 seconds) results in smooth, flat sur-
faces with almost no porosity and minimal
non-molten particles, offering better sur-
face quality than parts made with 100% vir-
gin powder [38, 42], vi) The proportion
of virgin to recycled powder primarily de-
pends on cycle time, heating temperature,
and powder exposure duration during SLS
processing. These factors are crucial for
maintaining the proper melt flow viscosity
required for effective sintering and densi-
fication, vii) Impurities in the powder can
also degrade the surface morphology and
overall quality of the fabricated parts, fur-
ther influencing the optimal combination
of virgin and recycled powders to maintain
the necessary melt flow viscosity for proper
sintering and achieving dense, high-quality
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5. Conclusion

The investigation into the build ori-
entation for achieving high-quality and
high-tensile strength AM parts reveals sev-
eral key insights. The ultimate stress ex-
perienced by the specimens varied between
43.47 MPa and 46.15 MPa, indicating a
notable range in mechanical properties de-
pending on orientation. To enable manu-
facturers to produce parts in any orientation
while minimizing anisotropy, it is crucial to
maintain the mechanical integrity of the fi-
nal product. Among the orientations tested,
parts built in the z-axis exhibited the low-
est tensile strength, while those produced in
the x-axis orientation displayed the highest
values. These findings support the recom-
mendation that, for optimal tensile strength,
parts should be oriented with their largest
dimensions in the X-Y plane, minimizing
the height (z-axis) of the part during man-
ufacturing. According to S/N raio, part
should be oriented along 0 0 90 orientation.

Additionally, the study highlights the
significant role of powder material prop-
erties in achieving superior surface qual-
ity. The combination of new and aged
PA2200 powders in the SLS process, cou-
pled with post-heating treatment, demon-
strated improved surface characteristics, es-
pecially when reusing reclaimed powders.
This combination proves to be a promising
strategy for enhancing the overall quality of
parts and ensuring more consistent results
in the SLS process. Furthermore, explor-
ing different powder mixtures offers valu-
able potential for improving surface qual-
ity, ultimately contributing to the sustain-
ability and cost-effectiveness of producing
high-quality AM parts with reclaimed ma-
terials. This research lays the groundwork
for further developments in powder reuse
strategies, paving the way for more reliable
and efficient additive manufacturing prac-
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tices in the SLS industry.
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