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ARTICLE INFO ABSTRACT

Keywords: Selective laser sintering (SLS) is an additive manufacturing process which nowadays receives abundant attention
Selective laser sintering from industry sectors. However, the number of materials which can be processed by SLS is still very limited and
Polyamide

requires further research. The present work aims to contribute to this topic by investigating the mechanical
properties of neat and short carbon fibre reinforced polyamide 1212 processed by SLS. The specimens were built
in different spatial alignments to obtain ample details on the tensile behaviour. The detailed examinations of the
fractured specimens were performed by means of optical microscopy, scanning electron microscopy and X-ray
computed tomography. The comprehensive analysis revealed that most of the fibres (85 — 95%) were oriented in
the plane of the powder layer and here, the majority along the direction of the moving roller coater, which
distributes the powder on the powder bed of the SLS machine. It was shown that this effect has a direct impact on
the strength and stiffness of the printed tensile bars and thus on the mechanical behaviour of SLS printed parts.
Furthermore, the analysis results indicate the possibility to control this mechanical anisotropy through a sys-
tematic alignment of the components in the powder cake.

Short carbon fibre composites
Fibre orientation
X-ray computed tomography

years. As a result, SLS is not limited to the production of prototypes
anymore, but is also accepted in the serial production of small and
medium lots.

1. Introduction

Selective laser sintering (SLS) is one of the oldest techniques in the

modern field of additive manufacturing. Its invention officially took
place at the University of Texas and it dates back to the 1980 s [1]. After
its invention, it took many years until the first commercially available
SLS machines were finally on the market. Subsequently, until 2014, this
market was dominated by the companies 3D Systems (3D Systems
Corporation, Rock Hill, South Carolina) and EOS (EOS GmbH - Electro
Optical Systems, Krailling, Germany), which were holding the key pat-
ents for this technique at that time [2]. Since these patents expired,
many new machine producers have appeared on the market, making it
much more inhomogeneous now. The broader competition on the
market has led to big progress steps in machine technology in recent
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Compared to conventional polymer processing techniques, such as
extrusion and injection moulding, SLS is still rather limited concerning
the materials available for the process. However, since 2014, the boos-
ted machine progress has caused a big number of newly developed
polymer powders to be released. Aside from the extension of the SLS
technique to new polymers [3-9], the compounding and reinforcement
of the neat polymers, especially polyamide 12, are also in the focus for
this. The modification of the powders aims at different material aspects,
for instance improvement in the tribological behaviour with molybde-
num disulfide (MoS,), modification of thermal and electrical conduc-
tivity and mechanical properties using carbon nanotubes, carbon black,
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etc. [10-16], and improvement in the mechanical behaviour using glass
beads and carbon fibres [17-23].

The mechanical reinforcement of a polyamide powder using carbon
fibres was also a topic in the present research. While other research in
this field focused especially on the production of the composite
[10,18,20,21,24], in this study, it was simply produced by directly
mixing polyamide powder with carbon fibres, both of which are com-
mercial products. Adding the stiff fibres to the neat powder leads to the
anisotropy of mechanical properties of the output part [19,23,25,26].
Few research works have found that the fibres tend to lie along the
moving direction of a roller or a rake used to distribute the powder over
the printing platform [19,23,26]. However, the fibre alignment and its
influence on the mechanical performance were not characterised in
details and require further analysis. Therefore, the clear focus in this
research was to examine the influence of the SLS process on the resulting
fibre orientation and, hence, the mechanical properties of the SLS
printed components. For this, differently aligned dog-bone shaped ten-
sile specimens were SLS printed using neat and reinforced powder. The
mechanical performance of the specimens was characterised using ten-
sile tests. Additionally, powder and part morphology were studied using
microscopy and X-ray computed tomography.

2. Experimental
2.1. Materials

Neat and reinforced specimens were produced out of the polyamide
1212 based nylon powder FS 3300PA provided by Farsoon (Farsoon
Europe GmbH, Germany) [27]. For the reinforced specimens, the pow-
der resin was directly mixed with 12 wt% of Sigrafil short carbon fibres
(SGL Carbon, Germany) [28] in a barrel mixer. According to the sup-
plier, the average fibre length and diameter was about 80 pm and 7 pm,
respectively. The fibre content of 12 wt% was chosen on the grounds of
preliminary tests with different fibre mass contents and literature
research [22]. The basic material parameters of the components are
presented in Table 1.

2.2. Specimen manufacturing

The powder mixture prepared was sintered in an sPro 60 SLS printer
(3D System Corporation, SC, USA), which was modified by LSS Laser
Sinter Service GmbH (Germany) in order to improve the uniformity and
stability of the building process. Since adding of carbon fibres to the neat
powder changes its absorption of the laser heat [11,23], the process
parameters were optimised for neat and reinforced specimens sepa-
rately. The layer thickness of 0.1 mm was used for both, neat and
reinforced specimens. The specimens had a dog-bone shape with the
type-A dimensions from ISO 527 [29]. Nylon powder, distributed with a
roller moving in the x-direction, was sintered layer by layer till the
specimens were completed (Fig. 1).

The specimens were printed in different directions to investigate the
influence of the alignment in the powder cake on the mechanical
properties. The specimens formed three fans in the xy-, xz- and yz-planes
with printing orientations from 0° to 90° with steps of 22.5° (Fig. 1a).
Three specimens were printed for every spatial position. For the sake of
the test repeatability, an additional specimen set was printed in the
other corner of the chamber with the same specimen alignment

Table 1.
Properties of components used for the powder mixture.

FS 3300PA [27] Carbon fibres [28]

Melt temperature 183 °C

Tensile strength 46 MPa 4 GPa
Tensile modulus 1602 MPa 240 GPa
Strain at break 36% 1.7%
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(Fig. 1b). Hereafter, the specimens are denominated according to their
coordinate plane angle, where the coordinate plane is either xy, xz, or yz,
and the angle is either 0°, 22.5°, 45°, 67.5° or 90°. For example, xz-45°
refers to a specimen printed in the xz-plane at 45°, where x corresponds
to the moving direction of the roller distributing the powder and z is the
vertical axis normal to the printing platform. The same building
configuration was used for neat polyamide specimens, which were
printed for reference purposes. Prior to testing, all specimens were dried
at 80 °C for at least 12 days in a vacuum drying oven to eliminate the
moisture content.

2.3. Tensile tests

Tensile tests were performed on the universal testing machine Zwick
7250 (Zwick GmbH & Co. KG, Germany), equipped with a load cell of
10 kN. The tests were carried out in accordance with ISO 527 [29]. The
specimens were tested at room temperature with an initial pre-load of
0.1 MPa and a cross-head speed of 1 mm/min for the modulus deter-
mination regime (0.05-0.25%) and then at 50 mm/min till the final
rupture. Specimens were compared in terms of maximum tensile
strength ¢, Young’s modulus E and strain at break ¢;. Young’s modulus
was calculated according to Eq. 1 [29]. Three specimens were tested for
every spatial position of both specimen fans.

Ao

= @

where Ae refers to the difference between two longitudinal strain points
and Ac to the difference in applied tensile stress between these two
strain points. The values were evaluated with Ae of 0.2% according to
ISO 527 [29].

2.4. X-ray computed tomography

The high-resolution X-ray computed tomography (uCT) was per-
formed using the pCT device Nanotom 180 NF (GE Phoenix x-ray,
Wunstorf, Germany), equipped with a 180 kV nanofocus X-ray tube. The
overall scans with an edge length of a volumetric pixel (voxel size) of
(4.5 um)* were carried out at the tube voltage, the integration time and
the number of projections of 60 kV, 500 ms and 1700, respectively. For
full fibre characterisation, detailed scans with the voxel size of (1.4 um)3
were performed. To achieve a small focal spot size, the maximum target
power of the electron beam in the X-ray tube is limited, so the integra-
tion time was increased to 900 ms to achieve proper saturation of the
detector image brightness. The parameters used yielded scan times of
177 and 233 min for the overall and detailed examinations, respectively.
As a target material, molybdenum on a beryllium window was used for
all scans.

To reach a resolution of (1.4 prn)3 voxel size, small pCT samples of
2x2x10 mm® were cut out near the specimen shoulders, as shown in
Fig. 2. They were aligned inside the X-ray device in the same way for
every specimen. The samples were taken from the fractured specimen
parts after tensile testing. The uCT analysis was carried out for the
reinforced specimens printed in the directions xy-0°, xy-45°, xy-90°,
x2-45°, x2-90° and yz-45°. One sample cut out of one specimen was
examined per printing direction. The uCT data analysis was performed
using the commercially available software tool VG Studio MAX 3.3
(Volume Graphics, Germany) and the in-house developed software
iAnalyse [30,31], for which most implementations are also available in
the open-source software open_iA [32]. Two software tools were used in
order to compare and verify the results regarding the mean orientation
of the fibres in the reinforced specimens. Using only iAnalysis would
have led to a potential underestimation of the number of fibres in a
certain direction, since the fibres shorter than 50 ym were not examined.
VG Studio MAX 3.3 uses a grey value based analysis method, delivering
the orientation of all individual voxels within a certain grey value range,
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(b)

Fig. 1. Graphic representation of (a) the spatial alignment of the three fans of tensile bars in the build chamber (a) and the position of the additional specimen set (b).
The roller spread the powder in the x-direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 2. Schematic illustration of a uCT sample cut out of the specimen produced
by SLS. The coordinate system (X,cr.Yucr: 2Zucr) marked in red corresponds to
the spatial alignments in the X-ray device, where the X,cry.cr plane corre-
sponds to the rotation stage and z,cr to the rotation axis of the X-ray device.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

but has not the possibility to extract additional information such as the
length of individual fibres.

2.5. Optical analysis

Optical analyses were used to investigate the impact of the fibres on
the mechanical behaviour of the material. After the tensile tests, the face
(broad surface), side (thin surface) and fracture surfaces of the samples
were examined by means of optical microscopy and scanning electron
microscopy (SEM). The micrographs were made with the optical mi-
croscope Olympus SZX12 (Olympus Corporation, Japan). The SEM ex-
amination was performed with the Tescan Vega II electron microscope
(Tescan Orsay Holding, a.s., Brno, Czech Republic). Prior to the exam-
ination, the specimens were coated with gold to reduce the surface
charging. The accelerating voltage for the electrons was set up to 5 kV;
the working distance used was 8-16 mm. In addition, the morphology of
the filled powder was characterised by SEM.

3. Results and discussion

The two specimen sets built in the different corners of the building
chamber showed similar results within the corresponding angle align-
ments. This reveals that for the area examined, the mechanical

properties were not significantly influenced by the position in the
powder cake during production. Therefore, the results were combined
and are presented for six specimens (instead of two times three) of every
printing direction.

3.1. X-ray computed tomography of the reinforced specimens

The uCT analysis was performed to determine the void content as
well as the length, number and orientation of the fibres in the xy-0°,
xy-45°, xy-90°, x2-45°, x2-90° and yz-45° carbon fibre (CF) reinforced
specimens. The alignment of the specimens inside the X-ray device
during the overall scans and with respect to the coordinate axes is shown
in Fig. 3. The detailed scans with the voxel size of (1.4 um)® were per-
formed in the mid-part of every sample.

For the porosity characterisation, voids in the xy-0° sample were
evaluated semi-automatically using the voxel size of (1.4 um)>. This scan
yielded the reference value for the ‘proper’ porosity obtained at high
resolution of 4.00 vol.-% (Fig. 4a,b), which was used to determine the
threshold value from the grey-level intensity histogram. According to
the positions of the air — and material peak, a ratio of 42% (ISO42) was
determined as an optimum threshold value [33-35]. The threshold
defined was used for the automated segmentation of voids in the xy-0°
sample scanned at lower resolution using the voxel size of (4.5 um)°.
This led to the porosity content of 4.01 vol% (Fig. 4d,e). Application of
the automated segmentation of voids at lower resolution to the other
five samples revealed porosity content of about 4.2 vol% as an average
of all six samples investigated by pCT (Table 2).

The fibre characterisation was performed following the concept of
medial axis extraction (MAE) implemented by using template matching
(TM) [36,37]. According to the TM approach, the fibres evaluated are
allowed to be curved and are considered to have circular cross sections
of the same diameter. A voxel template generated had a spherical shape
and the same diameter and grey value as the carbon fibres. The template
was correlated with individual fibres in the scanned samples to define
the fibre orientations. The ideal template to correlate with straight fibres

Fig. 3. Orthogonal puCT slice images through
the individual samples scanned at (4.5 pm)3
voxel size: top (a), front (b), right (c) and 3D
rendering (d). Red areas identify the represen-
tative region of interest for porosity evaluation
and detailed high resolution scans for full fibre
characterizations. Samples xy-0°, xy-45°,
xy-90° are represented in the bottom row and
yz-45°, x2-45°, x2-90° are represented in the top
row in (a). (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 2.
Void volume content and fibre lengths obtained using the X-ray computed
tomography.

xy-0° xy-45° xy-90° xz-45° xz-90° yz-45°

Void 4.01 4.05 4.15 4.37 4.53 4.09
volume
content,
vol%

Weighted 101.9 100.7 101.6 101.4 96.8 101.4
average
fibre
length,
pm

Average 87.0 86.2 86.8 86.7 83.5 86.6
fibre
length,
pm

Total 1,20,200
number
of
evaluated
fibres

Maximum 438.3 444.4 417.5 593.2 502.5 469.7
fibre
length,

pm

1,20,630 84,080 90,575 78,410 1,02,615

would be a cylinder. However, the spherical shape was chosen over
cylindrical based on the previous research [37] and in order to save
calculation time. For the initial binarization of every individual fibre,
the ISO270 threshold was determined from the grey level histogram
empirically and applied to every individual dataset. Fig. 5a,c shows the
extracted medial axes of every individual carbon fibre in random colours
depending on the individual fibre ID. For better visualisation of the in-
dividual fibres in 2D, which are usually not aligned completely within
one slice plane, a thickness of 25 ym was used for the maximum in-
tensity image mode shown in Fig. 5a. A length threshold of 50 um was
chosen for the fibre evaluation to avoid miss-segmentations near voids.
All fibres shorter than 50 um were not taken into consideration for
further quantitative evaluations. The start and end points obtained for

Additive Manufacturing 36 (2020) 101671

4000000 pm*

Fig. 4. A high resolution scan of the xy-0°
sample scanned at (1.4 pm)3 voxel size (a),
which was used for a semi-automated determi-
nation of the reference porosity of 4.00 vol%
(b). The same region of the sample scanned at
(4.5 ym)® voxel size (d). An automated pore
segmentation with the ISO42 threshold, which
yielded a void content of 4.01 vol% (e). 3D
rendering of the segmented voids is demon-
strated in (c) and (f). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

every individual fibre were used for the calculations of the average fibre
length and the weighted average fibre length according to ISO 22314
[38] as well as for the determination of the fibre orientation in the 3D
volume (Table 2, Fig. 5). It was shown that most of the fibres had a
weighted average length of about 101 um and an average fibre length of
86 um in all examined samples (Table 2). It is worthwhile noting that the
fibre lengths obtained are rough guide values, because the fibres shorter
than 50 pm were not taken into account to avoid possible miss-
segmentations of phase contrast edge effects along every void occur-
ring in the high-resolution pCT [39]. For a small minority of fibre in-
teracts, the algorithm was not able to track the entire fibre length,
because of virtual fibre breakage. Therefore, the real average length is
expected to be shorter. This finding is in good agreement with the data
sheet from the supplier, where an average fibre length of 80 pm is stated
[28]. The maximum fibre length evaluated by means of uCT was 593 pm
(Table 2). The complete fibre length distribution of the relative number
of fibres versus the length is illustrated in Fig. 6 for different building
directions.

Further analysis revealed a significant difference in the fibre orien-
tation, which supports the discussions below (Fig. 7). In the xy-0°
sample, more than 50% of the fibres were oriented along the z,¢r-axis. In
the xy-90° sample, most of the fibres were aligned along the x,cr-axis
and, in the x2z-90°, along the y,cr-axis. In all cases, the preferable fibre
orientation corresponded to the direction of the roller inside the SLS
machine. These results were shown by both software tools, iAnalyse
(Fig. 7a) and VG (Fig. 7b), for the extremely high numbers of fibres
evaluated (Table 2). These findings offer overwhelming evidence for the
existence of a preferable fibre orientation in the specimens produced in
the SLS process. Moreover, there is a good correlation with the roller
direction and the layer structure typical for SLS: 50 — 60% of the fibre
orientation is in-plane of the powder layer along the roller direction
(x-axis), 30 — 40% perpendicular to it but also in-plane of the powder
layer (along the y -axis) and another 5 — 15% is oriented out-of-plane of
the powder layer (along the z-axis).
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100 pm

Fig. 5. Visualisation of the extracted medial axes of every individual fibre for the yz-45° sample scanned at (1.4 um)® voxel size (a). 3D rendering of a small cut-out of
the dataset of individual fibres (b) and their medial axes extractions (c). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 6. Fibre length distribution in the CF reinforced specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

3.2. Tensile test results

3.2.1. Tensile tests of the neat specimens

The representative stress-strain curves of the neat specimens are
illustrated in Fig. 8. The results of the tensile tests of the neat specimens
are summarised in Table 3 and depicted in Fig. 9. The tensile strengths
and Young’s moduli obtained for the specimens from the xy, xz and
yz-planes showed nearly the same magnitudes for every printing direc-
tion - about 43 + 4 MPa and 1803 + 47 MPa, respectively. However,
the more vertical printing directions like x2-67.5, xz-90°, etc. showed a
bit lower values of tensile strength and Young’s modulus in comparison
with the other specimens. This can be explained by the fact that the
loading force was applied (nearly) transverse to the layer interfaces
created due to the layer-wise manufacturing process [40]. The results
obtained are in good agreement with regard to the material data pro-
vided by the supplier [27] (Table 1). In addition, the present results
obtained for PA1212 are consistent with other research works [40,41],
which have investigated SLS specimens out of PA12, indicating the
similarity of these two materials. Similar values for the neat specimens
built in different directions, apart from the more vulnerable vertical
directions, means low mechanical anisotropy [42] and further indicates

well selected processing parameters. However, the strain at break,
which is generally much more sensitive to the process parameters, in
particular to the thermal history, than tensile strength or Young’s
modulus [40], did not show such a uniform behaviour. Instead, there
was distinct scatter within the different specimen alignments and a
strong deviation between them. All together the values varied from a
minimum value of 5% for xz-90° to a maximum value of 13.5% for
xy-67.5°. The high scatter level within the same specimen alignments is
attributed to variations of the porosity and the quality of the layer to
layer fusion from specimen to specimen. Regarding the deviation be-
tween the different alignments, no unambiguous tendency can be
deduced from the values in Table 3 and Fig. 9.

3.2.2. Tensile tests of the reinforced specimens

The representative stress-strain curves of the carbon fibre reinforced
polyamide specimens are shown in Fig. 8b. The corresponding tensile
test results are presented in Table 3 and depicted in Fig. 9 and Fig. 10. As
expected, the experiments demonstrated the strengthening and stiff-
ening of the matrix reinforced with carbon fibres [18,21,23]. The tensile
strength ¢ was increased by almost a factor of two for the xy-0° speci-
mens and by a factor of 1.4 for the xy-90° specimens in comparison with
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z) marked in black corresponds to the coordinate system of the SLS machine,

where x is the direction of the powder distributing roller. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 8. Representative stress-strain curves of the neat (a) and CF reinforced (b) specimens. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

the neat specimens. Regarding the xz and yz specimens, the carbon fibres
made the specimen stronger for 0° and 22.5°, but starting from 45° the
reinforcing effect started to disappear. This is well depicted as over-
lapping of the dashed green and red lines with the corresponding ten-
dencies of the neat specimens in Fig. 10a. The biggest influence of the
carbon fibres on Young’s modulus E was achieved for the xy specimens.
It was almost three times bigger for the xy-0° specimens reinforced with
carbon fibres than for the neat specimens. This difference gradually
decreased to a factor of two with the angle increase from 0° to 90°. The
strain at break ¢, of the CF reinforced specimens showed less scattering
in comparison with the results of the neat specimens. The xy specimens
yielded the highest ¢, of 6-9%, followed by 3-6% for the xz- and 3-5%
for the yz specimens.

For the CF reinforced specimens built in different directions, the
highest ¢ of about 80 MPa and E of about 5600 MPa were achieved by
the specimens printed along the x-axis. These results are consistent with
[18], where ¢ of 72 MPa and E of 5500 MPa were reported for PA12

specimens reinforced with 30%wt carbon fibres. With the angle increase
within the xy-plane from 0° to 90°, the tensile strength and the Young’s
modulus gradually decreased to 65 and 3500 MPa, respectively. The
tensile strength and the Young’s modulus of specimens in the xz- and
yz-planes progressively reduced from the horizontally to the vertically
oriented specimens. The specimens printed vertically along the z-axis
yielded the lowest ¢ and E among all specimens of 40 MPa and
2400 MPa, respectively.

These findings can be explained by the preferable fibre orientations
in the specimens shown above, which influence the mechanical prop-
erties. As illustrated in Fig. 7, the roller orients the fibres along its
moving direction (x-axis), when distributing a new layer of powder on
the building platform. This effect was also reported in [19], where it was
shown that most of the fibres were oriented in the x-direction of the
build chamber. As a consequence, the specimens with the fibres oriented
along the loading direction are able to bear higher stresses than those
with the fibres oriented out of the loading plane [43]. That way, for
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Table 3

Results of the tensile tests: the strength, Young’s modulus and strain at break of the neat and carbon fibre (CF) reinforced specimens built in different directions.
6, MPa

XY XZ YZ
Neat With CF Neat With CF Neat With CF

0° 47.2 +£1.3" 80.8 + 0.5" 47.2 +£1.3" 80.8 + 0.5" 45.2 +1.5° 64.9 +0.7°
22.5° 46.2 + 2.0 76.1 £1.7 446 £ 1.2 62.2+ 3.6 45.8 £ 0.2 539+1.5
45° 45.4 £ 0.9 70.7 £0.3 441 +£0.7 50.2+ 1.5 43.8 £0.3 43.6 + 2.0
67.5° 46.1 £ 1.6 66.0 £ 0.6 41.4+1.2 43.0 £ 3.5 41.8 £0.3 38.8+2.6
90° 45.2+1.5° 64.9 £ 0.7 41.7 £ 0.6 39.4+2.1 - -
E, MPa
0° 1851 + 14" 5644 + 123" 1851 + 14" 5644 + 123" 1829 =+ 36" 3616 + 78"
22.5° 1863 + 21 5104 + 168 1806 + 21 3871 + 130 1809 + 18 2917 + 93
45° 1843 + 19 4292 + 185 1726 + 28 2565 + 96 1791 + 25 2390 + 66
67.5° 1854 + 34 3731 + 49 1741 + 36 2301 + 92 1756 + 12 2213 +178
90° 1829 + 36" 3616 + 78" 1787 + 45 2326 +77 - -
&, %
0° 10.1 £5.3% 6.3 £ 0.5" 10.1 £5.3% 6.3 £0.5" 8.1 +6.6" 8.5+ 0.5"
22.5° 9.6 £ 6.1 6.0 +0.8 7.0+ 3.7 46+1.4 13.0+1.8 5.3+0.7
45° 8.8+59 8.0+ 0.6 10.1 +2.0 59+1.2 10.0 +1.8 3.8+0.6
67.5° 13.5+9.3 89+0.4 56+19 3.6+1.0 6.4+0.9 28+0.4
90° 8.1+6.6" 8.5+0.5" 5.0 + 0.9 2.8+ 0.5 - -

2 XY-0° is identical to XZ-0°
b XY-90° is identical to YZ-0°
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Fig. 9. Plots of the tensile strength, Young’s modulus and strain at break obtained from the tensile tests of neat (a, b, ¢) and carbon fibre (CF) reinforced specimens
(a’,b’,¢’) manufactured in different building directions. The error bars represent the standard deviation from the corresponding average value. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Tendencies of the tensile strength (a) and Young’s modulus (b) obtained for the neat and carbon fibre (CF) reinforced specimens. The error bars represent
the standard deviation from the corresponding average value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

example, the xy-90° specimens were stronger than the xz-90° specimens,
although they have the same preferable fibre orientation along the
x-direction. However, along the tensile loading direction, which is the
y-direction for the xy-90°specimens and the z-direction for the xz-90°
specimens, they have 30% and 10% of fibre orientation, respectively
(Fig. 7). It is also interesting that specimens printed at 67.5° and 45° in
the xz- and yz-planes have nearly the same Young’s moduli, whereas
Young’s modulus of xz-22.5° are 25% higher than of corresponding
yz-specimens (Fig. 10). These results indicate that the stiffening effect of
the preferable fibre orientation along the x-axis is only efficient up to the
45° alignment of the specimens. For the higher specimen alignment
angles, however, there is still a small stiffening effect compared to the
neat specimens, but to a much smaller extent.

3.3. Optical analysis

3.3.1. Powder

The morphology of the powder particles used to manufacture the
specimens is presented in Fig. 11 (both, neat and carbon reinforced
powder samples were taken from remaining powder after the processing

SEM MAG: 200 x
SEM HV: 5.00 kv

WD: 12.61 mm
Det: SE

SEM MAG: 200 x
SEM HV: 5.00 kv

WD: 11.81 mm
Det: SE

VEGAW TESCAN

of the tensile bars). The polyamide particles had a spherical and slightly
elongated shape and a rough, porous surface. The typical particle size in
Fig. 11 estimated by means of ImageJ is between 30 and 65 pym. The size
of porous voids did not exceed 5 pm (Fig. 11b). The fibre lengths esti-
mated in Fig. 11c vary between 50 pm and 250 pm.

3.3.2. Neat specimens

The micrographs of neat specimens, namely xz-0° (a, a’) and x2-90°
(b, b’) are demonstrated in Fig. 12. On the fracture surface of the xz-0°
specimens, which were printed horizontally along the x-axis, the typical
SLS layer structure is visible (Fig. 12a). This is not the case for the xz-90°
specimens, which were printed vertically along the z-axis (Fig. 12b).
This is because the tensile loads were applied parallel and transverse to
the deposited powder layers, respectively. Due to the layer-by-layer
manufacturing manner of the SLS process, both the face and side sur-
faces of xz-90° had the layer structure, which is called the staircase effect
[44], while xz-0° only had it on the side surface. The measured thickness
of one fused layer was about 150 pm, which corresponds to the
recommendation of the layer thickness to be at least two times the
average particle size [3]. The face surface of the horizontally oriented

VEGAW TESCAN

SEM MAG: 2.00 kx
SEM HV: 5.00 kv

WD: 11.87 mm
Det: SE

(d)

SEM MAG: 2.00 kx
SEM HV: 5.00 kV

WD: 11.79 mm
Det: SE

Fig. 11. SEM micrographs of the neat (a, b) and carbon fibre reinforced (c, d) powders used for sintering at low (a, ¢) and high (b, d) magnification.



A. Khudiakova et al.

4

xz-0°

Layer structure

(a)

2 mm

Side surface

Face surface

(@)

z
Layer structure

Additive Manufacturing 36 (2020) 101671

Xz-90° z

(b)

Layer structures
Side surface

Face surface

Fig. 12. Fracture surfaces of the xz-0° (a) and xz-90° (b) neat specimens and the face and side views of their fracture edges (a’, b’).

specimens had a plane and grainy texture, representing the typical
surface structure along fused layers.

Correspondingly, the SEM micrographs of xz-0° and x2z-90° are re-
ported in Fig. 13. The images show that a lot of powder particles can be
identified either in their full shape or at least their contour on the
fracture surface of the xz-90° specimen (Fig. 13b). In this regard, the
fracture surface of the xz-0° specimen has a more compact structure
without the obvious presence of powder particles (Fig. 13a). This illus-
trates well the difference in the loading direction with respect to the
printed layer structure: in case of the xz-0° alignment, the specimen was
loaded parallel to the layer structure, while for the xz-90° specimen, the
load was applied transverse to it. This means that there was the weaker
interlayer adhesion and the higher void concentration in the interfaces
between the layers in the latter case [40,45]. The interlayer voids are
well illustrated in Fig. 13a. They had round and oblong shapes and sizes

SEM MAG: 200 x
SEM HV: 5.00 kv

WD: 9.355 mm
Det: SE

from 5 to 100 um. However, some voids are also visible in Fig. 13b. A
further difference between xz-0° and x2-90° is that in Fig. 13a, a fracture
initiation region with corresponding hackle lines [46] can be identified.
Such a structure was not found on the xz-90° fracture surface (Fig. 13b).
This further supports the impression of a more compact fracture surface
in the case of the xz-0° specimen. In analogy to Fig. 12a’ and Fig. 12b/,
the face and side surfaces of the specimens were also studied using SEM.
Aside from the above-mentioned variation in the staircase structure, no
differences were observed, neither between the front and side surfaces
nor between the different printing directions. In all cases, the surfaces
were rather homogenous on the macroscopic scale, but inhomogeneous
on the microscopic scale. They showed sections with well combined
material (molten), areas with clear powder particle contours (unmolten)
as well as all intermediate steps in between.

(b)

SEM MAG: 200 x
SEM HV: 5.00 kV

WD: 14.66 mm
Det: SE

~ VEGAW TESCAN
preay

Fig. 13. SEM micrographs of the fracture surfaces of the xz-0° (a) and xz-90° (b) specimens.
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3.3.3. Reinforced specimens

The micrographs of the CF reinforced specimens made with the op-
tical microscope are presented in Fig. 14 for xz-0° (a,a,a’’), xz-45° (b,b/,
b") and x2-90° (c,c’,c’"). The layer structure can be observed on the side
surface of xz-0° (Fig. 14a’) and the face and side surfaces of xz-45°
(Fig. 14b") and x2-90° (Fig. 14¢’). For xz-45° the layer lines were tilted at
around 45° on the side surface, which corresponded to the building
direction of the specimen (Fig. 14b’). The fracture in the x2-90° spec-
imen occurred between the adjacent layers, which is identified by nearly
straight fracture edges in Fig. 14c’. This is similar to the fracture surface
characteristics of the neat xz-90° specimen in Fig. 12b’ and can be
explained by the weaker interlayer adhesion and the higher concentra-
tion of porosity between the layers [40,45], which indicates that there
was no significant fibre reinforcing effect for xz-90°. Thus, the SLS layer
structure of the matrix dominates the fracture behaviour in this case.
The same was observed for the neat specimens. This agrees with the uCT
results in Fig. 7 (only small fibre orientation along z-axis) and the tensile
test results in Table 3. For the xz-45° specimens, the fracture surfaces are
tilted with respect to the xz-0° and x2-90° fracture surface planes. The
surfaces are tilted along the thickness with a rotation angle smaller than

(@)

X

(@)

¥

Xxz-45°

(b)

4
Layer structures

(c)

Face surface

Tilted grooves
N

Face surface

Face surface

y ¥
Layer structures
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45°, as shown in Fig. 14b’. Additionally, the fracture surface of the
xz-45° specimens demonstrate grooves of the material, which are
aligned at about 45° on the surface (Fig. 14b). Tilted fracture surfaces
were also noticed for the yz-45° and xy-45° specimens. In the latter case,
the difference was that the tilt was along the width instead of the
thickness (rotation angle was also below 45°). Such tilted fracture sur-
faces are typical for fibre reinforced polymers with preferred fibre ori-
entations not parallel or normal to the load direction [47-50].
Consequently, this effect was also found for the reinforced specimens
printed in the 22.5° and 67.5° directions, but not for the corresponding
neat specimens. It indicates that the fibre reinforcement dominates the
fracture behaviour in these cases instead of the SLS layer structure of the
matrix. For the xz-0° printing direction, the reinforced specimens show a
rather unspecific fracture surface with wavy fracture edges, which was
also observed for the neat specimens. Despite these unspecific fracture
surfaces, it is clear from the uCT results (Fig. 7) and the tensile test re-
sults (Table 3) that the carbon fibre reinforcement dominated the frac-
ture behaviour in the xz-0° direction. The higher magnified images of
the side surface give a rough picture about the fibre orientations on the
specimen surface (Fig. 14a”’—c’"). A more detailed examination on this

Fibres

. ¥ ()

Side surface

2mm

2 mm

Layer structure

Fibres

7 — (0")
Side surface \

2mm

Fibres

(Cll) ‘

Side surface

2mm

Fig. 14. Fracture surfaces of the xz-0° (a), x2z-45° (b) and x2-90° (c) carbon fibre reinforced specimens, their fracture edges (a’, b’, ¢’) and micrographs of the
corresponding side surfaces (a”’, b’’, ¢’). The corresponding specimen positions are marked in red on the left side of the figure. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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was performed using SEM.

Fig. 15 shows SEM micrographs of the side surfaces of the xz-0° (a),
xz-45° (b) and x2-90°(c) specimens, respectively. Only partly molten
powder particles, which are typical for the surfaces of SLS printed parts
and were also discussed for the neat specimens, with inclusions of the
carbon fibres, can be easily distinguished on the side surfaces of the
specimens (Fig. 15a—c). Contrary to that, the fracture surfaces have a
rather homogeneous matrix appearance (Fig. 15a’—c’). This phenome-
non can be explained by the fact that the laser sintering causes elevated
temperatures around the fused area, which yield melting of the loose
powder in the immediate vicinity of it [2]. It can be seen that most of the
fibres are oriented in the moving direction of the roller, as it is suggested
by the uCT results. The presence of the preferable fibre orientation can
be also seen in the micrographs of the specimens’ fracture surfaces
(Fig. 15a’—¢’). In x2-0°, the fibres stuck out of the matrix almost straight
(Fig. 15a’), while in xz-45°, the fibres went out of the matrix more tilted
(Fig. 15b). In the case of xz-90° (built in z-direction), the fibres lay
horizontally in the plane of the fracture surface (Fig. 15¢’). The micro-
graph of the fracture surface of xz-0° made with the higher magnifica-
tion demonstrated multiple dark holes in the matrix with a diameter of a
fibre (Fig. 15a’). They appeared due to the pulling of fibres out of the
matrix as a result of the failure process. The presence of this effect almost
faded in xz-45° (Fig. 15b/, less dark holes) and disappeared in xz-90°
(Fig. 15¢/, almost no dark holes), which means the load applied was
mostly borne by the matrix. These findings are in excellent agreement

WD 9.564 mm
Det. SE

SEM MAG: 200 x
SEM HV: 5.00 kV.

(b)
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with the experimental tensile data, where xz-0° were the strongest
specimens with the highest Young’s modulus in comparison with the
other building directions.

In Fig. 16, less magnified images of the specimen fracture surfaces
are presented to deepen the discussion of the fracture surface charac-
teristics started above. The images belong to three specimens, each of
them printed along another main coordinate axis in the building
chamber (x-axis: xz-0°, y-axis: xy-90° and z-axis: x2-90°). Regarding the
fibre characteristics on the fracture surfaces, the observations from
Fig. 15 are also visible on these bigger length scales. For xz-0°, these are
fibres coming out of the fracture surface perpendicularly and significant
fibre pull-out indicated by numerous black holes on the fracture sur-
faces, which are in the dimension of the fibre diameter (Fig. 16a,a’). For
xz-90° (Fig. 16¢,c"), the absence of these holes and the presence of in-
plane fibres instead of out-of-plane fibres was also discussed above.
Interestingly, in the xy-90° direction (Fig. 16b,b’), the fibre pull-out
holes can be clearly identified and their number is not significantly
smaller than for the xz-0° specimen (Fig. 16a,a’). However, a preferable
orientation of the fibres along the roller direction (x-axis) can be clearly
identified, while for the xz-0° specimen, the fibres were oriented mainly
perpendicular to the fracture surface.

Looking at the global appearance of the fracture surfaces in Fig. 16,
all samples show a brittle-like surface structure with a rocky texture. For
xz-0° (Fig. 16a,a’), this texture is very rough with fine topographical
details on the surface. This printing direction shows the roughest texture

WD: 13.14 mm
Det: SE

* o
SEM MAG: 1.00 kx
SEM HV: 5.00 kV.

WD: 13.41 mm
Det: SE

SEM MAG: 1.00 kx
SEM HV: 5.00 KV

WD 12.32mm
Det: SE

SEM MAG: 1.00 kx
SEM HV: 5.00 kV.

Fig. 15. SEM images of the side (a,b,c) and fracture surfaces (a’,b’,c’) of the x2-0°, x2-45° and x2-90° specimens, respectively.
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Fig. 16. SEM micrographs of the fracture surfaces of the xz-0° (a), xy-90° (b) and x2-90° (c) specimens.

of all printing directions. The fracture surface texture observed for the
Xxy-90° specimen (Fig. 16b,b’) is also rough, but with fewer fine topo-
graphical surface details, and hence smoother than that of the xz-0°
specimen. A global fracture surface texture similar to the latter was
found for most of the printing directions. Finally, the fracture surface of
the xz-90° specimen (Fig. 16¢,c’) is rather flat and significantly smoother
than the surfaces of all other printing directions. However, it still shows
a distinct rocky texture. Moreover, for the xz-90° fracture surface, small
local areas with a very smooth surface can be identified. Since, in this
printing direction, the specimens roughly broke along the SLS layer
boundaries (Fig. 14c¢’), it is interpreted that these local areas represent
the surface of interlayer voids. This also explains their smooth melt-like
surface. The hypothesis is supported by some remaining voids visible in
Fig. 16¢,c¢/, which partly have a connection to these smooth areas. These
small void remains were also found on fracture surfaces of other printing
directions but to a lesser extent than for xz-90°. Based on the images
shown in this study and the fracture surface analysis of the further
printing directions, it is concluded that the global fracture surfaces of the
xz-0° and x2z-90° specimens represent the two extremal values. For all
other printing directions, the fracture surfaces can roughly be reduced to
a mixture of these two with different mixing ratios.

Hence, recapitulating the discussion above, for the specimens
examined in this study, the fibre reinforcement and the fibre orientation
introduced by the SLS process were much more important for the

12

mechanical and fracture behaviour than the typical SLS layer structure
of the matrix. The only exception is the specimens printed in the xz-90°
direction, which showed matrix-dominated fracture behaviour.

4. Conclusion

This paper presents the systematic and comprehensive analysis of the
mechanical properties of neat and short carbon fibre reinforced poly-
amide specimens produced by selective laser sintering. The specimens
were printed in different directions and different spatial positions in the
build chamber. The mechanical parameters, namely tensile strength,
Young’s modulus and strain at break, were characterised by tensile tests
and analysed with respect to these specimen alignments.

The experiments showed a significant influence of the carbon fibres
on the material behaviour in the different printing directions. The
strength of the reinforced specimens built along the x-axis was increased
by almost a factor of two, while the strength of the specimens built in the
y-direction was increased by a factor of nearly 1.4 in comparison with
the neat specimens. For the reinforced specimens, the tensile strength
and Young’s modulus decreased with increasing deviation from the
x-axis (direction of the powder distribution roller) and with increasing
z-axis components (manufacturing normal to the layer structure). These
findings indicated the existence of a preferable fibre orientation created
in the specimens. Detailed investigations with an optical microscope,
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scanning electron microscope and X-ray computed tomography showed
that the fibres were mainly oriented in-plane of the powder layer in the
SLS process and here, especially along the moving direction of the roller.
The ratios of the fibre orientation tensor were found as:

e 50 - 60% along the x-axis, which was the roller direction (in-plane of
the SLS powder layer)

e 30 — 40% along the y-axis, in-plane perpendicular to the roller
direction

e 5 - 15% along the z-axis, normal to the SLS layer structure (out-of-
plane fibre orientation)

The pCT analysis showed that the different building alignments did
not have an influence on the fibre length distribution. This further
strengthened the finding that the change in the mechanical properties
was dominated by the fibre orientations. It is worth noting that the uCT
analysis was performed using two different software tools. The orien-
tation tensor obtained by extracting individual fibres was in good
agreement with the other software based on the grey value orientation
analysis. To avoid miss-segmentations of the phase-contrast edge effects
along voids, the evaluation of the fibre length was limited to fibres
longer than 50 pm for all specimens investigated. The analyses further
revealed that the mechanism of the failure changed from ‘fibre-matrix’
failure for specimens with the fibres oriented along the loading direction
to ‘matrix-matrix’ failure for specimens with the fibres oriented out of
the loading direction due to the layer-wise building manner of SLS.

Taken together, the findings obtained highlight the importance of
the printing alignment for short fibre reinforced polymer parts produced
by SLS. It is clear that the exact values of the above-mentioned fibre
orientation ratios in the different machine directions will be dependent
on various parameters, such as:

e Type and version of SLS machine

e Powder distribution system: type (roller or blade), size and shape

e Powder characteristics: particle size and shape, packing density,
powder ageing state, melt viscosity

e Fibre characteristics: type, size, shape and content

e SLS process parameters: roller speed, powder layer thickness, pow-
der bed temperature, energy density, etc.

Thus the fibre orientation ratios found in this study represent only a
single-point result. Nevertheless, they are useful as guide values in
component design for the SLS technique. Moreover, they show that
through a smart alignment in the building chamber, the SLS process can
be used for advanced processing of fibre reinforced components with
optimised fibre orientation in essential and critical component parts.
However, to fully understand the influence of the above listed param-
eters on the degree of anisotropy in carbon fibre reinforced specimens
produced by SLS, further studies on this topic are required in the future.
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