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A B S T R A C T

In this work, systematic studies were carried out on SLS (selective laser sintering) printed samples, with two
different geometries, standard test samples dumb-bells (dog bones) and tubes (Ø 30mm and 150mm long),
consisting of two different materials, viz. PA12 (polyamide) with and without the addition of carbon fibres (CFs).
These samples were tested according to their respective ISO standards. The standard test samples exhibited
relatively small differences with regards to printing directions when PA12 was used alone. Their tensile strengths
(σm) were approx. 75%–80% of the injection-moulded sample. The addition of carbon fibres significantly en-
hanced the tensile strengths, namely 50% greater for the vertically printed test sample and more than 100%
greater for the horizontally printed samples, compared to the respective objects consisting of PA12 alone. The
strong difference in printing directions can be attributed to the orientation of the carbon fibres. Mechanical tests
on the SLS printed tubes confirmed the trends that were found in the standard test samples. Porosity and pore
structure inside the SLS printed tubes were studied by combining optical microscopy and X-ray micro-
tomography with image analysis. It was found that porosity was a general phenomenon inside the SLS printed
samples. Nevertheless, there were significant differences in porosity, which probably depended on the properties
of the materials used, both with and without carbon fibres, thus causing significant differences in light ab-
sorption and heat conductivity. The printed samples made of PA12 alone possessed quite a high level of porosity
(4.7%), of which the size of the biggest pore was hundreds of microns. The twenty biggest pores with an average
size of 75*104 μm3 accounted for 43% of the total porosity. However, the porosity of the printed samples made
from PA12+CF was only 0.68%, with the biggest pore being only tens of microns. The corresponding average
pore size of the 20 biggest pores was 72*103 μm3, which was one order of magnitude smaller than the printed
samples made from PA12 alone. Pores inside the SLS printed samples were probably responsible for a spread in
the mechanical properties measured, e.g. tensile strengths, tensile (Young’s) modulus, strain at break, etc. The
ratios of their standard deviations to their corresponding mean values in the standard test samples could
probably be used as an indicator of porosity, i.e. the bigger the ratio, the higher the porosity.

1. Introduction

Additive Manufacturing (AM) refers to the process of joining ma-
terials to make an object using 3D model data. This is usually carried
out layer by layer, as opposed to subtractive manufacturing meth-
odologies [1]. Due to its similarity to digital printing, AM is also called
3D printing. AM technologies are mainly used to accelerate product
development, offer customized products and to increase production
flexibility [2], due to its ability to virtually produce parts of any geo-
metrical complexity without tooling, which used to be one of the typical
restrictive factors in conventional approaches [3,4].

There are several kinds of AM technologies, e.g. SLS (Selective Laser
Sintering), SLA (Stereo Lithograph Apparatus), FDM (Fused Deposition
Modelling) and SLM (Selective Laser Melting). These AM technologies

operate in different ways and use different materials; hence they have
been used for different applications. SLS uses a laser as a power source
to sinter a powdered material e.g. polyamide 12 (PA12) into a desired
geometric shape. The temperature of a material layer is raised close to
its melting point. The laser then adds the extra energy necessary to
sinter the selected parts of the powder together.

Although the AM process has significantly reduced the need for
taking production constraints into consideration, it does have some
current problems, e.g. it is limited due to the available materials, it
produces objects with a low level of mechanical properties compared to
the conventional process (injection moulding), etc. [4]. Injection
Moulding (IM) is the widely used technique for mass production, since
it can be easily automated [5]. When thermoplastics are used, they are
completely melted and injected into a mould. When it has cooled down,
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it solidifies into a final shape with a consistent material structure. On
the contrary, the structure and mechanical properties of an AM pro-
duced object are anisotropic, because it is built up layer-by-layer. In-
terfaces among the layers are usually the weakest link of the object.
Hence, its mechanical properties are direction-dependent. Another as-
pect of AM technique is its surface finish compared to injection
moulding, e.g. surface smoothness. Due to the limited number of
available materials and its inability to meet product requirements, AM
has not yet been widely applied in production technology, despite a few
successful instances and the presence of a strong belief in the fact that
AM will lead to the next industrial revolution [6].

The SLS process has been identified as one of the most promising
areas for producing engineering components [7]. The mechanical ani-
sotropy of an SLS printed sample is relatively low, i.e. ∼10%, when
pure polymer is used [1]. The processing parameters used for SLS-
printing have an impact on the structure and mechanical properties of a
finished product. Some of the parameters that are the reason for this
strong impact are namely preheated temperature, laser power, scan
speed, scan spacing, hatching distance, layer thickness and build or-
ientation. The laser energy density per unit area EdA (J/mm2) can be
estimated using Nelson’s definition [8]:

=

∙

E P
s vdA (1)

where P (W) is the laser power, s (mm) the scan spacing and v (mm/s)
the scan speed. There have been plenty of evidences showing that the
layer thickness of a powdered material is also important factor for SLS
print quality [9,10]. To better appreciate the effect of the layer thick-
ness, t, an alternative expression for the laser energy density per unit
volume, EdV (J/mm3), has also been used by researchers [7,11],

=

∙ ∙

E P
s v tdV (2)

provided that the layer thickness is thin enough so that it is optically
transparent to laser beam. The powder particles in the material can
obviously be sintered or even melted, depending on the operational
parameters. In turn, this will affect the anisotropy, internal structure
and surface finish of an SLS printed sample [12].

In addition to the intrinsic weakness originating from the layer-by-
layer structure, porosity is a major concern when it comes to SLS
printed parts [13,14]. Pores have a detrimental effect on the mechan-
ical properties [15], since fatigue cracks are very often initiated on a
pore close to the surface, irrespective of the loading conditions or the
stress [16]. Porosity may arise due to inconsistent powder deposition as
well as an inconsistent density in the laser energy received by the de-
posited powder layer [1,17]. If the laser power or scan speed are too
high or too low or the material layer is too thick, they will cause in-
complete melting of particles and pores with a diameter of> 100um,
while excessive energy density may also result in keyhole porosity with
a diameter of> 50um [18]. Naturally, the mechanical properties of a
3D printed sample can vary according to its pore characteristics. For
future applications, the occurrence and impact of pores must be un-
derstood to realise the full potential of the materials involved [16].

This study presents the material structures and mechanical perfor-
mances of SLS printed samples consisting of two different geometries,
viz. the standard test samples (dumb-bells) and the tubes (Ø 30mm and
150mm long), using PA12 with and without the addition of carbon
fibres. It focused on the systematic analyses of pore characteristics and
their effects on variations in the mechanical performance of SLS printed
samples.

2. Materials and methods

2.1. Materials and sample production

Duraform ProX Nylon PA12 was provided by 3D Systems. It was

dried in a vacuum oven for 12–15 h at 70 °C to avoid formation of
porosity due to water evaporation during injection moulding. The blend
of PA12 with carbon fibres, used in the 3D SLS printing, was carried out
by Addema, a project partner in Jönköping, Sweden.

The standard test samples and the tubes (Ø 30, 150mm long) were
produced by Addema, using SLS in a HIQ machine from 3D Systems
Inc., Valencia, CA, USA. Nitrogen was used as an inert protective at-
mosphere during production to avoid any oxidation of the PA12 and,
thereby, any brittleness [19]. The SLS process parameters were set as
following: a laser power of 45W, a scan spacing of 0.25mm, a scan
speed of 10m/s and a thickness of 0.10mm in each material layer. The
pre-heating of the powder bed was set at 175 °C.

ISO 3167 Multipurpose Test Samples were produced on a BOY 25
EVH injection moulding machine from Dr. BOY GmbH & Co. KG,
Neustadt-Fernthal, Germany, using the parameters listed in Table 1.

2.2. Mechanical testing of the standard samples (dumb-bells)

Mechanical properties were measured on the standard samples
(dumb-bells, listed in Table 2), created using the SLS and injection
moulded (IM) processes. The samples were clamped with a vise in a
hydraulic actuator with an MTS FlexTest™ 60 digital controller. A
contact extensometer was strapped to the samples with rubber bands
and the load was measured with a 10 kN load cell. The tests were
performed at a rate of 50mm/min. The data was recorded using MTS
Series 793 Control Software.

2.3. Mechanical testing of the tubes

Commercial Tubes, Ø 30mm and 150mm long, made of aluminium
or carbon fibre prepreg (Fig. 1, left), are components of lower-limb
prosthetics. The SLS printed tubes shown in Fig. 1 (middle and right)
were produced in order to obtain important knowledge about what
additive manufacturing can do regarding geometric precision, strength
and durability, when compared to existing commercial products.

Information about the tubes with the AM and the conventional
tubes is presented in Table 3. The test procedure included the following
steps, viz. a subjective visual inspection of the finish, weight and geo-
metry. The static ultimate test and the dynamic test were performed at
Fillauer Europe AB according ISO 10,328:2016 [20], a structural

Table 1
Injection moulding parameters.

Temperature profile from nozzle 245/245/235/225/220 °C

Injection pressure 100 MPa
Injection speed 10 cm3/s
Hold pressure 16 MPa
Hold time 6 s
Mould temperature 50 °C
Cooling time 30 s

Table 2
Mechanical properties of the SLS printed and injection moulded (IM) tensile test
samples.

Material
(Processing)

σm (MPa) Et (MPa) εb (%)

PA12 (IM) 38.90 ± 0.41
(100%)

1502 ± 64 (100%) >17

PA12 (SLS-H) 29.05 ± 5.45 (75%) 1474 ± 193 (98%) 5.8 ± 1.3
PA12 (SLS-V) 30.65 ± 5.31 (79%) 1726 ± 110

(115%)
2.7 ± 0.5

PA12+CF (SLS-H) 64.09 ± 0.63
(165%)

5866 ± 75 (391%) 3.2 ± 0.1

PA12+CF (SLS-V) 45.99 ± 1.13
(118%)

3619 ± 47 (241%) 2.3 ± 0.2
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standard test for prosthetics regarding the structural testing of lower-
limb prostheses. Loading condition II was applied with P6 test geo-
metry, which meant that the tubes that were tested experienced not
only off-axis compression and bending but also twists around a few
axes, as illustrated in Fig. 2 (left). The load was measured with a 10 kN
Load Cell that had a measurement accuracy within +/−5 N with the
test equipment, see Fig. 2 (right), using a Static Test Machine no. K1
Tinius Olsen 25ST from Tinius Olsen TMC, USA.

2.4. Optical microscopy (OM)

Two optical microscopes were used to study the surfaces and cross
sections of the SLS printed samples. One of them was a Nikon stereo
microscope equipped with a step-less optical zoom (Nikon Instruments
Europe B.V., Amsterdam, The Netherlands). Surfaces of the SLS printed
samples were imaged using this instrument. The total magnifications of
the images were denoted as Nikon 10x, Nikon 50x for 10 and 50 times
magnifications, respectively. Another microscopic instrument, a Zeiss
axioplan 2 microscope from Carl Zeiss Microscopy D-07740 Jena, was
used to image the cross sections of the SLS printed samples. A special
feature of this instrument is DIC (differential interference contrast in
incident light) that proved to be useful for obtaining satisfactory
images. It is equipped with objectives having different magnifications,
viz. Zeiss 5x, Zeiss 10x and Zeiss 20× . By combining these with an
intermediate tube that produces approx. 8x extra magnification, the
total magnifications were essentially 40x, 80x, and 160x, respectively.

2.5. X-ray microtomography

X-ray microtomography images were made with an Xradia
MicroXCT-200 (Carl Zeiss X-ray Microscopy, Inc. CA). The scanning
conditions were: X-ray source (voltage 40 kV, power 4W), the number
of projections were 1289 and the exposition time was 20 s/projection.
The distances from the detector and from the X-ray source to the sample
holder were 16mm and 30mm respectively. The magnification used
was 20x, the pixel size of the image was 0.8149 μm, the pixel resolution
was 1.07 μm and the maximal analysed volume was 1mm x 1mm x
1mm. The samples were examined in their X, Y, and Z directions.

2.6. Image analysis

The analysis of the X-ray tomography images was carried out using
Avizo 3D software from FEI, now available through Thermo Fisher
Scientific, Materials & Structural Analysis Division (MSD), Oregon USA.
The effective volume of the analyses was 0.36 mm³, corresponding to
970 image slices. Details of pores inside the SLS printed samples, e.g.
porosity, the size and morphology of the pores and the size and spatial
distributions of the pores, were thus obtained.

Fig. 1. The tube samples tested, including commercial products made of alu-
minium and carbon fibre prepreg (left), SLS printed with PA12 (middle) and
PA12+CF (right).

Table 3
SLS printed tube samples consisting of PA12 Duraform ProX, with and without
carbon fibres.

Test tube
sample

Weight
(g)

Geometry Failure Peak stress
(MPa)

Peak load
(N)

PA12 (SLS-H) 30.2 Slightly bend Brittle 27.7 ± 9.1 315.3 ± 103.0
PA12 (SLS-V) 31.2 Straight Brittle 35.0 ± 3.0 397.3 ± 33.0
PA12+CF

(SLS-H)
37.7 Slightly bend Brittle 72.7 ± 2.9 827.7 ± 33.2

PA12+CF
(SLS-V)

39.2 Straight Brittle 47.3 ± 1.5 532.7 ± 18.1

Aluminium* 87.7 Straight Ductile 391.0 ± 0.0 4427.5 ± 3.5
CF Prepreg* 48.0 Straight Ductile 374.0 ± 0.0 4245.0 ± 21.2

* Commercial quality for only one piece in the test sample.

Fig. 2. Structural testing method of lower-limb prostheses (ISO 10328): illustration of the loading condition II (left) and the test equipment (right).
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3. Results and discussions

3.1. Evaluation of mechanical properties of SLS printed samples

The mechanical test results of the SLS printed samples (dumb-bells),
i.e., the tensile strength (σm), the tensile modulus (Et), and the strain at
break (εb), are listed in Table 2. For comparison purposes, the results
from the injection moulded (IM) test samples are also listed. In the first
column lists the materials used, i.e. either pure PA12 or a blend of PA12
with carbon fibres (PA12+CF), with the letters in parentheses re-
presenting the process technique, viz. IM for injection moulding, SLS-H
for a horizontal SLS printing direction and SLS-V for a vertical SLS
printing direction.

The average values and the standard deviations listed in columns
2–4 were obtained from measurements taken on six samples (dumb-bell
samples). An average of the mechanical properties of the SLS prints in
relation to those of the injection moulded samples (as 100%) is stated in
the respective parentheses. When PA12 alone was used in the SLS, the
average value of the tensile strength was approx. 75% to 80% of the
injection moulding, thus showing only marginal differences in the
printing directions. Comparatively speaking, the tensile modulus of the
SLS printed samples was more anisotropic. This was approximately the
same as the injection moulding for the horizontal printed samples,
while it was 15% higher for the vertically printed ones. The strain at
break of the SLS printed samples exhibited a strong dependence on the
printing directions, i.e. the strain at break of the horizontally printed
samples was more than twice that in the vertically printed ones.

The results obtained differ from previous ones. Table 2 shows that
the tensile strength was slightly higher for vertical printing (z) com-
pared to the horizontal SLS printing and that the tensile modulus was
higher for vertical printing. In contrast to this, Ajoku et al. reported a
higher tensile modulus and a higher tensile strengths in the horizontal
directions (x and y) compared to the z printing direction [21]. Caulfield
et al. also reported greater fracture strength in the horizontal direction
(x or 0° orientation) and a higher E modulus in the horizontal direction
[18]. Print direction dependence was also more obvious in the strains at
break (column 4). However, there were different observations in the
strain at break measurements. Similar to our observations, Ajoku et al.
reported that the strain at break of the horizontally printed samples was
much greater than in the vertically printed samples [21]. Caulfield et al.
obtained the opposite results, i.e. a greater strain at break of the vertical
printing direction than in the horizontal direction [18]. When com-
paring these results with the injection moulded samples, the strain at
break in the SLS printed samples was much shorter, which is in line
with the results obtained by Leigh [22].

The addition of carbon fibres (CF) to PA12 significantly enhanced
the mechanical performance of the SLS printed samples. The tensile
strengths and the tensile modulus of the vertically printed samples,
PA12+CF (SLS-V), were approx. 50% and 100% higher than that of
the PA12 (SLS-V), respectively. Due to the layer-by-layer material
structure, the expectation was that the carbon fibres would lie largely
within each of the material layers, which was confirmed by the strain at
break measurements. Not much improvement was observed in strain at
break after the addition of carbon fibres. When it came to the horizontal
printing direction, the tensile strength was significantly stronger than in
the vertical printing direction, due probably to the orientation of the
carbon fibres along the printing and the powder application directions.
It was interesting that the tensile modulus in the horizontal printing
was higher than that in the vertical printing, which also indicated the
orientation or alignment of the carbon fibres along the printing direc-
tion within the horizontally printed test samples. Furthermore, strain at
break was significantly improved, when compared to the vertically
printed samples.

In addition to the average values, the ratios of the standard devia-
tions to the respective average values of the measured values are worth
more attention. As seen, the standard deviation in the samples made

using injection moulding was small (approx. 1% of the corresponding
average value), while the standard deviations in the SLS printed sam-
ples using PA12 alone were much higher in relation to their respective
average values, i.e. approx. 17% for the PA12 (SLS-V) and 19% for the
PA12 (SLS-H). These broad variations could be attributed to a high level
of defects or porous structures inside the SLS printed samples, which is
discussed in the following section.

Following the preceding arguments, it could be expected that the
SLS printed samples containing carbon fibres, i.e. PA12+CF (SLS-V)
and PA12+CF (SLS-H), would have a much lower level of porosity due
to the ratios of their standard deviations to their respective average
values being 2.5% and 1%, which was one order of magnitude lower
than those in the PA12 (SLS-V) and PA12 (SLS-H) samples. In other
words, the ratio of the standard deviation to its corresponding average
value in the SLS printed dumb-bells could be a useful indicator of de-
fects or porosity inside the test samples. More investigations into por-
osity and its influence on the mechanical performance of SLS printed
tubes are presented later in this article.

3.2. Mechanical performance of the tubes

The mechanical performance of the SLS printed tubes was tested
according to ISO 10,328:2016, a structural standard test for lower-limb
prostheses [20]. Loading condition II, as defined by the ISO standard,
was applied using P6 test geometry. This meant that the tubes were
simultaneously subjected not only to compression and off-axis bending
but also to twisting along several axes to simulate the worst possible
load situations when a person is walking or running. For comparative
purposes, two commercial products were included in the test, as shown
in Table 3.

Prior to the mechanical test, the geometry and weight of the SLS
printed tubes were examined and measured. All the SLS printed tubes
were circular, with a uniform wall thickness and the same diameter as
the commercial products, i.e. ∅30mm, but two of them underwent a
slight bending in the length direction (column 3). The weights of the
samples were taken and listed in the table.

The kinds of failure are shown in column 4. The average value of the
peak stress at failure, the corresponding load (force) and the standard
deviations for each sample obtained from three test pieces are listed in
columns 5 and 6, Peak stress and Peak load, respectively. A load at
failure can be associated with the body weight of a person wearing the
prosthesis. Looking at the mean values of the peak stresses, a similar
trend is observed, as seen from the standard test samples (Table 2).
Namely, the peak stress of the PA12 (SLS-H) was lower than that of the
PA12 (SLS-V), while the PA12+CF (SLS-H) was stronger than the
PA12+CF (SLS-V), due to carbon fibre orientation. It was obvious that
the addition of carbon fibre significantly improved the mechanical
performance of the SLS printed tubes. For instance, the PA12+CF
(SLS-H) tube with less than half the weight of the commercial tube
made of aluminium could withstand a body weight of 83 kg. When the
ratio of the standard deviation was compared to the corresponding
mean of the peak stresses, it could be seen that the tubes made from
PA12 alone exhibited strong deviations, i.e. 33% for the PA12 (SLS-H)
and 8.6% for the PA12 (SLS-V). The corresponding ratios for the SLS
printed tubes with the addition of carbon fibre were much lower, i.e.
4% for the PA12+CF (SLS-H) and 3.2% for the PA12+CF (SLS-V),
which indicated a lower porosity in those tubes.

3.3. Optical microscopic images of surfaces and cross sections of the SLS
printed tubes

Fig. 3 depicts the microscopic images of the surfaces of the SLS
printed tubes. As seen from the left image, the PA12 on the tube surface
remained in particle form rather than having been melted or fused. This
was clear evidence that there was not enough energy density trans-
mitted to the powder particles on or close to the surface, at least. This
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meant that the energy density applied, EdA=0018 J/mm2, corre-
sponding to a laser power of 45W, a scan spacing of 0.25mm, a scan
speed of 10m/s and a material layer of 0.1 mm was not optimal. The
lack of fusion might have resulted in large pores with diameters of
≥100 μm close to the surface [23], which were likely to initiate fatigue
cracks and, therefore, cause deterioration of the mechanical properties
[16]. High porosity and large pores were observed in the X-ray mi-
crotomography images, as shown below. The findings of this study
differed from the conclusion drawn by Caulfield et al. [18], viz. that
EdA=0012 J/mm2 is needed to avoid porosity.

For the PA12+CF, it was clear from the image on the right (Fig.3)
that the surface was much smoother and uniform. The material parti-
cles seem to have been well melted and fused together. This should
have resulted in less porosity and smaller pores, which was confirmed
by the microtomography and image analysis presented below. One of
the possible reasons why the SLS printed samples made with PA12+
CF differed so much from those made with PA12 may be due to the
differences in their light absorption and heat conductivity. Carbon fibre
has a much higher heat conductivity than PA12 [24], i.e. 10–100W/
(m2K) for PAN based carbon fibres, compared with 0.1-0.12W/(m2K)
for the PA12 powder, depending on its mass density, and 0.24W/(m2K)
for the bulk PA12, according to Yuan et al. [25].

Fig.4 shows the microscopic images of a cross section of an SLS
printed tube consisting of PA12 at different magnifications. These
images shed light on the inner structure of an SLS printed tube. As seen,
there are many closed-in pores with different dimensions; some of them
could be bigger than 100 μm in diameter, as shown in Fig. 4(right).
Porosity, together with morphology and position of the pores, was
probably responsible for the variations in the mechanical performance
of the tubes, as shown in Table 3.

Fig. 5 shows microscopic images of an SLS printed tube, PA12+CF
(SLS-H). It can be clearly seen that the majority of the carbon fibres lie

along the longitudinal direction of the tube or perpendicular to the
cross section, which favoured the mechanical strength of the printed
tube. Moreover, the inner structure of the printed tube contained much
fewer and smaller pores, compared with the tube made from PA12
alone (Fig. 4). Both factors resulted in a much stronger mechanical
performance (Peak stress) from the tube made from PA12+CF (SLS-
H), as shown in Table 3.

The pores revealed by the light microscopy (Figs. 5) were only ex-
amples of samples of the SLS printed tubes. An in-depth analysis of the
characteristics of the pores, i.e. morphology, location, size and statistics
in the samples is shown in Fig. 6.

Some factors that might have contributed to the creation of porous
structures in the SLS printed tubes. Firstly, there is the energy outputs
from the laser when the tubes were being SLS printed. The energy re-
ceived by a material layer depends on the power of the laser beam and
the period of exposure to the laser beam, which is inversely propor-
tional to the scanning frequency. Moreover, the light-absorption char-
acteristics of the materials, e.g. the spectral absorption coefficients of
the PA12 powder and the CF are also important. Furthermore, the heat
conductivity of the materials might have played an additional role. This
is particularly true when a material layer is dense and thick for each SLS
scan. In addition, the layer thickness of the material might have also an
influence.

3.4. X-ray microtomographic images of the SLS printed tubes

X-ray Microtomography is a powerful tool that can reveal the de-
tailed inner structure of a 3D object. It provides a sequence of cross
section images (in the XY plane, for example) along the depth (Z) di-
rection. The image sequence can be used to re-construct 3D views of the
imaged volume, within which a detailed evaluation of the pore char-
acteristics, e.g. pore morphology, location, and statistics of the pores

Fig. 3. Light microscopy of a PA12 tube surface (left) and that of a PA12 tube surface with the addition of carbon fibres (right).

Fig. 4. Light microscopy of a PA12 surface (left) and that of a PA12 with the addition of carbon fibres (right).
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etc., can be obtained.
Fig. 6 shows four examples of X-ray Microtomography images of the

SLS printed samples consisting of PA12 alone. As seen, there are many
pores inside the samples. The dimensions of the pores varied broadly
from merely a few microns to a few hundred microns. Fig. 6a and b are
from two cross section scans (slices) of a horizontally printed tube.
Fig. 6c and d are from two cross section scans (slices) of a vertically
printed tube. Fig. 6a and c show the x–y plane. Fig. 6b and d show the
y–z plane. The images indicate that the pores have irregular shapes.

Figs. 7a–d are four example images of the X-ray microtomography of
the SLS printed samples using PA12+CF, where it shows that there are
much fewer pores with much smaller pore sizes. This is in line with an
observation that the SLS printed samples consisting of PA12+CF ex-
hibited a much higher mechanical performance (tensile strength and
tensile modulus), compared to those made from PA12 alone.

Fig. 5. Optical microscopic images of a cross section of a PA12 with the addition of carbon fibres, PA12+CF (SLS-H), at different magnifications, i.e. Zeiss 5x (left)
and Zeiss 20x (right).

Fig. 6. Microtomographic images of SLS horizontally printed samples (6a and 6b) and vertically printed tubes (6c and 6d) made from PA12 alone. Imaging directions:
6a and 6c in the x–y plane, 6b and 6d in the y–z plane. The bar corresponds to 500 μm.
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3.5. Analysis of pore characteristics

The level of porosity was calculated from a re-constructed 3D re-
presentation, based on the sequential slices of the microtomographic
images. The maximal imaging size was 1×1x1mm3, while the actual
volume of the sampled size was 0.36mm3, which consisted of 970
slices.

The 3D representation (view) of the imaged volume and its pore
structure was obtained from the x-ray microtomography image se-
quence using image analysis techniques. Segmentation of the pores
from rest of the material was a crucial step for image analysis in this
study. As seen from images 6a–d, there was a strong contrast between
the pores and the material, which enabled a reliable and accurate
segmentation and, in turn, a calculation of the area of the pores in each
of the slices.

Fig. 8 is a 3D view of a restructured pore structure in one of the
imaged volumes. For visualization purposes, different pores were
marked using different colours. To avoid possible confusion, only a few
distinct colours were used. However, the same colour may have been
assigned to pores of different sizes that are in different locations. The
statistics of the pores, i.e. the population of the volume of pores, is
shown in Fig. 9, in which the y-axis stands for the pore-volume (106

μm3) and the x-axis for the number of pores in each class size. As
shown, there are a few pores whose volumes are over 106 μm3 or with a
pore diameter of ≥ 100 μm. The porosity calculated was 4.7% of the
total volume, while the contribution from the twenty biggest pores was
about 2% of the total volume or approx. 43% of the total porosity. The

average volume size of the twenty biggest pores was 75× 104 μm3.
While the accuracy of the calculated pore volume was high for the

big pores, accuracy declines when the pore sizes were smaller at a
limited pixel resolution of 1.07 μm/pixel in the x-ray microtomography.
Pores smaller than a couple of μm3 were therefore not detectable. The

Fig. 7. Microtomographic images: 7a and 7b show SLS horizontally printed samples consisting of PA12+CF; 7c and 7d SLS vertically printed samples. Imaging
planes: 7a and 7c in the x–y plane; 7b and 7d in the y–z plane. The bar corresponds to 500 μm.

Fig. 8. Visualization of the pores inside the vertically SLS printed tube con-
sisting of PA12 (SLS-V). This Corresponded with Fig. 6c.
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measurement error of the total pore volume was estimated as 1%–5%.
Considering the fact that the large pores are more critical when it comes
to load-bearing applications, quantification and reduction of big pores
in 3D printed samples are important.

Fig. 10 shows one of the 3D views of a pore structure in an SLS
printed sample consisting of PA12 and carbon fibres. Instead of a few
large pores being dominant, there was a cloud of small pores which
were either mutually connected or disconnected. Due to less contrast
among the pores and the rest of the material in the X-ray tomographic
images (Fig. 7), it was expected that the segmentation would not be as
good. This might have led to a greater error in the measurement of the
pores volume. Fig. 10 indicates that small pores were present in almost
all parts of the sample. The pores were, however, much smaller in the
PA12+CF sample, compared to that consisting of PA12 alone (see
Fig. 8).

Statistics of the pore characteristics are shown in Fig. 11. The pores
were approx. 0.68% of the total imaged volume, which was almost one
order of magnitude less than for the samples consisting of PA12 alone,
while the 20 largest pores were responsible for approx. 60% of the total
porosity. The average volume size of the 20 largest pores was:
72×103 μm3, which was one order of magnitude less than that of the
test tube consisting of PA12 alone. Due to a relatively poor contrast
among the pores and the material areas in the x-ray tomographic
images and a limited imaging resolution, the error in the measurements
of the total pore volume may be up to 10%–20% of the total pore vo-
lume.

It was previously stated that the addition of a reinforcement might

result in higher porosity, due to poor interfacial bonding with the
material matrix [26]. However, in this study, it does not apply. This
study observed that the carbon fibres appeared to be well distributed in
the x–y and y–z planes, according to Fig. 7. Hence, it can be concluded
that quite a good interfacial bonding occurred between PA12 and the
carbon fibres. Considering the fact that porosity was very low (0.68%),
the SLS processing conditions seem to have been close to optimal, when
printing occurred with a blend of PA12 and a reinforcement of carbon
fibres, whose properties consist, among others, of a greater light ab-
sorption and a much bigger conductivity of heat, when comparing it to
samples made from only PA12.

4. Conclusions

There are big advantages with SLS technology, when it comes to
small volume production that meets individual needs or requires a high
level of geometric complexity, e.g. prostheses. To meet such demands,
production (not prototyping) processes demand precision, strength and
durability. Due to its layer-by-layer nature, SLS has an intrinsic weak-
ness if it is compared to conventional production technologies, e.g.
injection moulding or casting. To reduce this impact on the quality of a
final product and its performance, it is necessary to work with materials
development along with the printing process, wherein understanding of
their influences on the structure and quality of a 3D printed product is
essential. In this work, systematic studies were carried out on SLS
printed samples consisting of two different kinds of geometry, standard
test samples (dumb-bells) and tubes (Ø 30mm and 150mm long) that
mirrored a component of a lower-limb prosthesis. Two different mate-
rials were used, viz. one consisting of PA12 alone and one consisting of
PA12 with the addition of carbon fibres. The SLS printed samples were
tested in line with their respective ISO standards.

The SLS printed test samples (dumb-bells) exhibited little difference
with regards to printing directions, when particle shaped PA12 alone
was used. The tensile strengths (σm) of the horizontally printed and the
vertically printed samples were approx. 75%–80% of the injection-
moulded test sample. The addition of carbon fibres to PA12 sig-
nificantly enhanced the tensile strength. This was 18% higher for the
vertically printed test samples and 65% higher for the horizontally
printed samples, compared with that of the injection moulded samples
consisting of PA12 alone. When compared to the SLS printed samples of
the PA12, the tensile strength of the PA12+CF(SLS-V) was 50% higher
and more than 100% higher for the PA12+CF(SLS-H). The big de-
pendence on printing direction could be attributed to the orientation of
the carbon fibres regarding the printing directions. In addition, the
mechanical performance of the SLS printed tubes confirmed the trends
observed above.

The porosity and pore structure in the SLS printed tubes was studied
in detail, by combining optical microscopy with X-ray micro-
tomography and image analysis. It was found that porosity was a
general phenomenon inside SLS printed samples. Nevertheless, there
was a significant difference in porosity, possibly depending on the
differences in light absorption and thermal conductivity in the

Fig. 9. Pore volume distribution inside a printed sample consisting of PA12
(SLS-V). A 3D view of the pores is shown in Fig. 8.

Fig. 10. Visualization of the pores inside an SLS horizontally printed tube,
consisting of PA12 and with the addition of carbon fibres, PA12+CF (SLS-H).
This corresponds to Fig. 7a.

Fig. 11. Pore distribution in an SLS printed tube consisting of PA12 (SLS-H). A
3D view of the pores is shown in Fig. 10.
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materials used. The printed samples consisting of PA12 alone displayed
quite a high porosity (4.7%) and the presence of large pores. On the
other hand, the porosity of the printed samples consisting of PA12+CF
was only 0.68%. With the printed samples containing PA12 alone, the
20 biggest pores accounted for 43% of the total porosity with an
average volume size of 75*104 μm3. With the printed samples con-
sisting of PA12+CF, the corresponding average pore size of the 20
biggest pores was 72*103 μm3, which was one order of magnitude less.
No specific study was made concerning the effect of the layer thickness
of material, as the same layer thickness was applied for both PA12 and
PA12+CF.

Pores or defects inside the SLS printed samples were probably a
major cause of the variations (or scattering) in the mechanical prop-
erties measured (tensile strength, tensile modulus and strain at break).
Hence, the ratio of the standard deviation to its corresponding mean
value of the standard test samples (dumb-bells) could possibly be used
as a useful indicator of porosity, i.e. the bigger the ratio, the higher the
porosity. In this study, the porosity of the SLS printed samples involving
PA12+CF was much lower than that when PA12 alone was used,
which might be attributed to a much improved light absorption and
heat conductivity in the PA12+CF mix.
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