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Abstract

The process parameters on selective laser sintering (SLS) have a strong effect on part quality. To better understand SLS of
composite materials, this study focuses on the influence of laser scan angle and oxygen gas interaction on the mechanical
properties, morphology, and joining mechanisms of laser-sintered aluminum-filled polyamide-12 single-layer specimens at room
temperature. The results show that the strength and ductility increase with a higher laser scan angle (e.g., near 60°), and the
oxygen concentration in the chamber shows a small effect on the elongation. No changes in the morphology and internal structure
of'the specimens were observed under a different set of process parameters. Additionally, two failure mechanisms were observed;
a ductile failure that occurs when particles are well-blended where the metallic particles work effectively hindering crack
propagations, and a brittle failure when local amounts of metallic particles are low.

Keywords Polyamide - Aluminum - Single-layer composite material - Selective laser sintering - Mechanical properties -

Microstructural morphology

1 Introduction

Selective laser sintering (SLS) is an additive manufacturing
(AM) process that can build complex 3D-shaped parts. It con-
sists of a laser beam that selectively sinters layer by layer a bed
of powder material. SLS has been used in many different
applications in the automobile, aeronautics, biomedical, and
artistic sectors [1—4]. SLS technologies have proven to
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successfully print composite materials, which are extensively
used in the polymer industry, especially when stiff and robust
parts are required. The inclusion of fillers maintains the light-
weight and ductile nature of polymers while adding stiffness
to parts. Aluminum-reinforced polyamide blended powders
have higher stiffness, thermal conductivity, and dimensional
accuracy than unfilled polyamide [5] and can be used in SLS
applications. They are typically used as non-safety-relevant
parts in automotive components, wind tunnels, metallic molds
for injection molding, and in biomedical components, such as
medical devices and implants [5, 6].

The mechanical properties of printed SLS polyamide parts
not only depend on the material powder used but are also
influenced by several process parameters such as bed temper-
ature, laser power, scan speed, scan spacing, layer thickness,
delay time, and atmosphere [7]. Therefore, it is critical to
understand the effects of the process parameters in part qual-
ity. Many studies have been conducted on the consolidation
phenomenon that occurs in SLS and the influences of the
printing parameters [8, 9]; however, there are still several
printing parameter effects and interactions that are unknown
due to the complexity of the process.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07120-4&domain=pdf
mailto:jramos@ing.puc.cl

3450

Int J Adv Manuf Technol (2021) 114:3449-3458

Previous efforts have studied how to improve the mechan-
ical properties of SLS parts. Mazzoli et al. [10] characterized a
new aluminum-filled polyamide powder developed for SLS
application and compared the new material to a commercial
polyamide powder. They concluded that the material main-
tains a considerable high-dimensional accuracy, strength and
resistance to mechanical stress, and better finishing properties
in comparison to the plain polyamide. They also reported that
the aluminum-filled polyamide is an opaque material to the X-
rays and therefore can be used in biomedical applications.
Bassoli et al. [11] fabricated SLS specimens using an
aluminum-filled polyamide and an alumina-polyamide com-
posite material to investigate the mechanical properties and
failure mechanisms and compare them with unfilled polyam-
ide. They observed a strong anisotropy behavior, where the
efficacy of the strengthening mechanisms during crack prop-
agation depends on the printing direction: horizontal or verti-
cal. Moreover, they observed that by modifying the scanning
angle, enhanced mechanical properties can be achieved, re-
sults that were also reported by Stoia et al. [12]. Tarasova
et al. [13] increased the aluminum content to 35%; however,
they did not observe any enhancement in the flexural and
tensile properties compared to commercially aluminum-
filled polyamide powders. Bochnia and Blasiak [14] studied
the rheological properties of aluminum-filled polyamide se-
lective sintered parts, where material stress relaxation and
creep models were developed and no significant differences
were observed for parts built in different directions.

The effect of the atmospheric chemical composition inside
the chamber during the SLS process of polymers has not been
studied extensively in the literature. It is well known that the
degradation of polymers exposed to air at high temperatures is
essentially oxidative. In a previous study on injection mold-
ing, Nylon-6 and Nylon-66 yarns were exposed in air, nitro-
gen, or vacuum to temperatures from 136 to 215°C for periods
from 5 min to 17.5 h. The ultimate tensile strength of the
specimens was reduced by exposure to air [15]. A similar
work studied the influence of degradation behavior of poly-
amide 12 (PA-12) powder for SLS at different building cham-
ber temperatures and ambient conditions. The results showed
that the processed material property melt volume and viscosity
were reduced by storing the powder under vacuum during
powder spreading [16]. Kummert et al. [17] used a thermo-
plastic elastomer material to analyze the aging effect caused
by the temperature histories and oxygen atmosphere on the
color and mechanical properties of printed specimens. The
result revealed that a yellowish discoloration of the material
depends on the temperature and the concentration of atmo-
spheric oxygen. A higher discoloration was reached using an
air atmosphere instead of a nitrogen atmosphere (0 vol.% ox-
ygen content) and at higher temperatures. The mechanical
properties of tensile strength and elongation did not change
significantly when different atmospheres were used. In a more
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recent study, Hariharan et al. [18] investigated the laser-
material interaction of PA-12 powders, by comparing powder
and sintered part properties. They concluded that the o poly-
amide crystalline structures are transformed to a +y structure
due to the thermal exchange in the build chamber and the laser
beam fuses together the powder particles at a particle bound-
ary. Additionally, no element composition changes were re-
ported due to the laser-material interaction. However, none of
the previous works have attempted to study the oxidation ef-
fect of the laser beam on selective laser-sintered composite
polymers, particularly those of metal-polymer origin.

The present study isolated the interaction between the laser
energy density and oxygen concentration inside of the build
chamber to analyze their effect on an aluminum-reinforced
polyamide powder bed. The study was conducted without
the effect of the high temperatures that SLS polymer powders
commonly use. Instead, specimens were printed at room tem-
perature and the effect of the laser energy density was assessed
indirectly throughout the variation of the laser scan angle. The
results showed the amount of oxygen in the chamber has a
small effect on the mechanical properties of specimens printed
at room temperature compared with the deleterious effect that
temperature has on the SLS polymer part whenever oxygen is
present. In part, this is thought to be a cause of the small
interaction time the laser beam and oxygen atmosphere under-
go with the powder bed.

2 Methodology
2.1 Experiment set-up and procedure

To study the degradation of aluminum-reinforced polyam-
ide in SLS, a sealed chamber capable of varying the oxy-
gen concentration was built and integrated into a laser
scanning system. The experiment set-up is illustrated in
Fig. 1a. The chamber (Fig. 1b) was capable of establishing
a controlled atmospheric pressure from 0.2 to 6.0 bars at
room temperature, which was connected to a mechanical
vacuum pump and a pressurized argon line, and to generate
a controlled atmosphere capable of holding different oxy-
gen concentrations. A Nd:YAG fiberglass laser YLR-300-
AC-MM from IPG Photonics corporation was used to sin-
ter the powder that is placed inside of the chamber. The
galvanometer’s driven mirrors were controlled by a DE
controller 3000 series from General Scanning Inc.

A commercial aluminum-reinforced polyamide 12 pow-
der (Alumide EOS GmbH) was used in this study to laser
sinter powder single-layer specimens. The printed speci-
mens were designed using a CAD model that incorporated
a fillet angle of 45°, and the size of the specimens was
4.1 mm in width and 56 mm in length. The oxygen content
inside the chamber was varied at three different levels
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Fig. 1 a Experimental set-up schematic. b Chamber used to fabricate the specimens. ¢ Scan angles (0°, 45°, and 60°)

(e.g., 0.51 vol.%, 3.2 vol.%, and nominal atmospheric con-
ditions). For the specimens sintered at 0.51 vol.% and 3.2
vol.% oxygen, the gas pressure was first reduced to 0.2
bars (absolute) using a mechanical vacuum pump and then
raised to the desired pressure using argon, diluting the per-
cent of oxygen inside of the chamber. Positive pressure
was held inside of the chamber to ensure that the surround-
ing air was not filtering inside. The percent of oxygen
inside of the chamber (%vol.0,) was estimated assuming
an ideal gas law behavior and evaluating:

Pi MWair%OZ atm
P MWy + (P—P;) MWy,

%0, = (1)

Where vol. %0, ., is the percent of oxygen on the atmosphere
(20.95 vol.%), P; is the initial pressure of the chamber (0.2 bar),
P is the pressure, MW,;, is the air molecular mass (29 g/mol),
and MW ,; is the molecular mass of argon (39.9 g/mol).

It is well known that the angle of the laser scan direction has
an important effect on the mechanical properties. Three scan-
ning angles (0°, 45°, and 60°) were used, shown in Fig. Ic, as a
benchmark comparison of the effect on the mechanical proper-
ties between the oxygen concentration and the scan angle.
Therefore, a 32 full factorial design with 8 replicas (72 total
specimens) was implemented, where the oxygen concentra-
tions inside the build chamber and laser scan angles were the
modified factors. To achieve successful and testable specimens,

Table 1 Fixed printing

parameters. Fixed printing parameters Values
Laser power (LP) 11w
Laser speed (LS) 78 mm/s
Hatch distance (HD) 0.05 mm
Laser focus spot size 0.24 mm
Room temperature 17 °C

the printing parameters needed to be adjusted, which are shown
in Table 1. It is important to highlight that the values used for
the laser power, laser speed, and hatch distance are lower than
typically used values for laser-sintered polyamide powders
[19]; rendering a laser energy density (ED) of 2.8 J/mm® as
commonly calculate elsewhere by the following expression,

Lp

ED = ,
Ls HD

(2)

where Lp is the laser power, L; is the laser speed, and Hp, the
hatch distance. This set of process parameters was calibrated in a
previous study to achieve structurally sound single layers [20].

2.2 Characterization of the specimens

To characterize the effect of the oxygen content inside of the
built chamber and the effect of the laser scan direction on the
degradation of aluminum-reinforced polyamide parts sintered
at room temperature, the mechanical properties, microstruc-
tural, and morphological characteristics of the printed speci-
mens were studied.

Six replicas were tensile tested using a standard uniaxial
tensile tester (Instron) with a 4900 N load cell and a crosshead
speed of 1 mm/min to fracture. The ultimate tensile strength
(UTS) and the elongation at fracture (e) were the measured
responses. A caliper was used to measure the dimension of all

location of measurements

N

Fig. 2 Photograph of a specimen after tensile testing and the locations of
the thickness and width measurements
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the specimens. Average thickness and width measurements
were calculated from two different locations on the specimen
after tensile testing and far from the fracture, as is shown in
Fig. 2. No significant distortions were observed far from the
fracture section in specimens and both locations showed sim-
ilar measured values.

The density of each specimen was measured applying the
Archimedes’ method. The latter were weighted under atmo-
spheric conditions and then submerged in water. Equation 3
was used to calculate the densities of the specimens p,

O e vt @
atm H,0

where py, is the density of the water (1000 kg/m?), W, the
weight of the specimen on the atmosphere, and Wy, the
weight in the water.

The porosity of each specimen was measured from the non-
tensile-tested replicas, using a 3D density and geometry phan-
tom evaluation procedure and a Micro CT 80 (Scanco
Medical). The specimens were submerged in Dulbecco’s
phosphate-buffered saline contrast solution. The porosity of
one specimen (i.e., printed angle 0° and under atmospheric
conditions) was estimated to calibrate the parameters of the
software used on the porosity assessment. To calculate the
porosity of the reference specimen, the system of Eq. 4
through Eq. 6 was solved,

P =Xppa +Y Pa1+Z Pair (4)
x+y+z=1 (5)
_YPa 59 (6)
Y Pa1 T X Ppa

where p is the density of the specimen, ppy is the density of
the PA-12 (1010 kg/m?), pa, is the density of Al (2700 kg/m?),
Pair 18 the density of the air (1.225 kg/m3), x is the volumetric
percent of PA-12, y is the volumetric percent of the Al, z is the
volumetric percent of the air of the specimen (porosity), and
the weight percentage of Al in the material is 52% [11].

A scanning electron microscope (SEM) and an energy dis-
persive X-ray spectroscopy (EDS) were used to analyze a
virgin Alumide powder sample and the printed specimens.
The upper surface, bottom surface, and the cross-section of
the fracture area of the tensile tested specimen were also ob-
served under the microscope.

2.3 Data analysis

To quantify the effect that process parameters (laser scanning
angle and oxygen concentration) have on the mechanical
properties (UTS, e; and density), an analysis of variance
(ANOVA) was performed for each response independently.
The software Minitab 19 was used. The results were analyzed
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with a 95% confidence interval. The ANOVA assumptions,
independence of cases, homoscedasticity, and normality of the
residuals, were met for all the analyses. The assumptions were
checked with different residuals plots and using the Anderson-
Darling test to verify the normality of the residuals [21].

3 Results
3.1 Tensile testing results

Figure 3 shows some examples of the stress-strain curves ob-
tained from the tensile test. The slope of the curves slowly
decreases, reaching a maximum strength, followed by a quick
decay that ends with a fracture. This stress-strain curve shape is
typically observed for 3-D printed polylactic acid (PLA) [22],
polyamide, and aluminum-filled polyamide specimens [11].
The results for the UTS and ey are shown in Fig. 4, and the
p-values from the ANOVA test are shown in Table 2. The
results show that the laser scanning angle is the only factor
that has a significant effect (p-value < 0.05) on the UTS. As
expected, an increase in the scanning angle causes an increase
in the UTS, where the maximum value is at an angle of 60°. A
similar result was also observed by Sabelle et al. [23] on indi-
vidual Cu-Sn-Ni alloy metallic—sintered layers. An increase of
4.8% and 31.8% on the mean UTS is achieved using 45° and
60° laser scan angles, respectively, with respect to the samples
printed at 0°. The oxygen concentration does not affect the
UTS values, and it is clear that the error bars overlap between
each other. The bigger variation on the mean values was only
0.4 MPa, while the standard deviations are at least 2.8 MPa.

25
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Fig. 3 Stress-strain curves for specimens printed with a laser energy
density of 2.8 J/mm?, nominal atmospheric conditions, and at 0°, 45°,
and 60° laser scan angles
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Fig. 4 a Ultimate tensile strength and b elongation at fracture at different laser scanning angles and oxygen concentrations inside the chamber

No influence on the UTS was observed from the interaction of
the two factors.

For e, both factors show a significant effect, although not
their interaction (Table 2). The scanning angle has the largest
influence. Figure 4b shows a significant increase from 0 to 45°
but a smaller increase from 45 to 60°, with a total variation of
19.4% from 0 to 60°. For the oxygen level, it is observed an
abrupt decrease of 13% in e, between the specimens printed
with a 0.5 vol.% and 3.2 vol.% oxygen level. However, the
elongation increases when the oxygen level rises to 21 vol.%,
and the difference in e, is only 9.2% between the specimens
printed at 3.2 vol.% oxygen and nominal atmospheric condi-
tions. Therefore, these results suggest that the oxygen level
may play a small effect on the elongation.

3.2 Density and porosity results

Figure 5 shows the results of the density and porosity of the
printed parts. No important changes were found by varying
the laser scanning angle and the oxygen concentration, neither
from the plots nor the ANOVA test results. A different scan
angle will modify the printed pattern but will not affect the
energy density distribution which plays a major role in the
densification of the parts. Therefore, no variations in density
were expected, nor in porosity since they are correlated.

Table 2 P-values for ultimate tensile strength (UTS) and elongation at
fracture from the ANOVA test

Model terms UTS Elongation
Angle < 0.001 0.001
%0xygen 0.669 0.012
Angle x %Oxygen 0.118 0.146

R 78.8% 43.4%

3.3 Morphology

The EOS Alumide powder is a mixture of PA-12 and Al
particles, where the particle size range is between 30 and
250 um (Fig. 6). The PA-12 particles have a spherical shape,
are rougher than the Al particles, and are principally com-
posed of carbon, iridium, oxygen, and nitrogen (hydrogen
could not be measured by the EDS probe). The Al particles
instead show an extended shape, are smoother, and have a thin
Al,O5 surface layer.

A scanning electron microscopy (SEM) was used to ana-
lyze both the cross-section at the fractured area after the tensile
testing and the upper and bottom surfaces of the specimens.
No differences were found in the morphology between the
specimens, and all of them show similar characteristics. Two
distinct areas can be differentiated in the specimens as shown
in Fig. 7, where Al particles are submerged within a polyam-
ide matrix. The melting temperature for the PA-12 is 176 °C
[5] and for Al is closed to 660 °C. The laser beam increases the
temperature of the powder enough to melt the polyamide and
heat the Al particles, creating a melt pool. Then the melted
polyamide starts to flow, filling the gaps between the Al par-
ticles and surrounding them, generating a strong and dense
part. Similar joining mechanisms have been reported for
laser-sintered glass-filled polyamide bars [24, 25]. Two failure
mechanisms were identified in different regions of the speci-
mens, due to signs of the strain of the polyamide. Firstly, a
ductile failure can be observed in Fig. 7a and b. The ductile
failure occurs in large areas at the middle of the specimens,
where the Al particles emerged from a deformed, stretched,
and torn polyamide matrix. Secondly, brittle failure zones
were identified at different areas of the specimens (Fig. 7a
and c) where the polyamide fails without signs of being
stretched, yet rather being cut through.

Three different regions with distinctive characteristics and
morphology were recognized on the specimens: a top, a middle,
and a bottom region. The top region consists of a thinner layer
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Fig. 5 a Density and b porosity for specimens printed with different laser scanning angles and oxygen level inside of the built chamber
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Fig. 6 SEM images of Alumide powder. a Virgin powder sample (250%). b PA-12 particle (2500x). ¢ Al particle (2000x%)

of polyamide due to the differences in specific weight between ~ chains whose morphology under the microscope is evident.
the polyamide and Al particles (Fig. 8a). The PA-12 is a semi-  The middle region of the specimens is the most extended area
crystalline polymer, and amorphous zones and spherulites were ~ and is formed by Al particles submerged within a polyamide
identified on the top surface of the specimens (Fig. 9).  matrix. Two different failure zones were identified in this re-
Spherulites correspond to a spherical packing of polymeric ~ gion: a ductile failure zone where Al particles are well

Fig.7 Micrographs at the fractured surface. a Overall view of a specimen specimens of specimen printed at 0.5 vol.% oxygen, and 0° scan angle
printed at 21 vol.% oxygen, and 0° scan angle showing ductile and brittle (1000x). ¢ Brittle fracture zone at the top of a specimen printed at 21%
fracture zones (250%). b Ductile fracture zone at the middle of the oxygen, and 0° scan angle (1000x)
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Fig. 8 Micrographs of the overall
surface views of the specimens. a
Top surface of a specimen printed
at 21 vol.% oxygen, and 60° scan
angle (250%). b Bottom surface of
a specimen printed 21 vol.%
oxygen, and 60° scan angle
(250x)

distributed and a brittle failure zone where there is an absence
of Al particles due to the coagulation of polyamide particles.
The bottom region is formed by a mixture of Al and polyamide
particles adhered to the melted polyamide matrix (Fig. 8b). The
morphology in this region presents a larger number of voids,
higher porosity, and higher surface roughness. Figure 10 illus-
trates an example of an unmelted polyamide particle adhered to
the melted polyamide matrix. Interface detachment between the
PA-12 sphere and melted matrix is observed.

3.4 Microtomography

A 3D density and geometry phantom evaluation procedure
using a micro-CT was used to analyze the internal structure
and measure the porosity of the no tensile tested specimens.
Figure 11a shows the cross-section analysis of a specimen. No
significant differences were found for specimens printed at
different oxygen levels with the same laser scan angle, which
confirms the results observed for the density. The internal

Fig. 9 Micrograph on the top surface of a specimen showing spherulites
formation on the polyamide matrix having a diameter near to 10 pm.
Specimen printed at 21 vol.% oxygen, and 60° scan angle (5000%)

(b)

structure of the specimen is revealed in Fig. 11b, where im-
portant amounts of voids and pores are observed inside.

Warping had a considerable effect on all the specimens,
generating a curved shape that can be noticed in the cross-
section images (Fig. 11). The melting point of the polyamide
is around 176 °C; however, the ambient temperature was 20
°C and no heating was implemented during the laser sintering
process. Because of this, a high-temperature difference be-
tween the single-layer and the surrounding atmosphere exists,
and heat transfer via radiation and convection predominates.
The top surface of the bar cools down faster than the bottom
surface during the solidification process. This generates a sig-
nificant thermal gradient across the thickness which can warp
the specimens due to residual stresses accommodation.

The laser scanning angle effect can be noticed on the spec-
imens in Fig. 12. During the laser beam scanning process, the
melt pool creates a scanning trail; therefore, different scanning
angles generate distinct paths in the specimens. Using a scan
angle of 0°, horizontal lines across the specimens were ob-
served. Inclined lines are observed for specimens printed at
45° and 60°, and the thickness of the specimen oscillates

Fig. 10 Micrograph at the bottom area of the fractured surface showing
an unmelted PA-12 particle adhered and surrounded by melted PA-12.
Specimens printed 21 vol.% oxygen, and 60° scan angle (8000%)
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Fig. 11 a Micro CT cross-section image of a specimen printed at 0.5
vol.% oxygen, and 60° scan angle and its b phantom evaluation image

through the cross-section according to the inclination of the

path lines. Additionally, the inner pores and the surfaces of all
specimens were also observed.

4 Discussion

Sintering at room temperature creates high residual stresses on
the parts due to the abrupt temperature gradient while cooling.

(@)

Micro CT analized
volume

For SLS polymers parts, warping typically occurs due to the
residual stresses, an observed phenomenon in the printed parts
of'this study. This was done on purpose, to isolate the effect of
the laser energy density and the oxygen concentration inside
the chamber on the aluminum-reinforced polyamide powder.

As expected, the laser scan angle affected the ultimate tensile
strength (UTS) and elongation at fracture (ey), but not in the den-
sity and porosity since the applied energy density is the same. On
the other hand, oxygen has a small effect on the elongation to
fracture but not in the rest of the assessed properties. Therefore,
the atmospheric oxygen in the chamber has a small effect on the
oxidation and degradation of the powder bed only when and
where the laser beam is scanned. A possible explanation would
be on the powder composition; the Al particles showed an Al,O3
passivating surface layer, and the beam energy is not enough to
melt them, as is shown in Fig. 7c. Therefore, no oxidation effect
can be assumed for the Al particles since the external layer is
already oxidized. For the polyamide particles, there is important
interaction with the laser since they melt; however, the sintering
process time is so short that it may be the reason why no important
oxidation occurs. Nonetheless, high temperature causes thermal
oxidation in polyamides. Thermal oxidation in PA-6 and PA-12
increases the crystallinity of the polymer, which caused an impor-
tant decrease in the elongation to break of the material. The crys-
tallinity increases because oxygen molecules and elevated tem-
peratures may cause chain cleavage reactions in the amorphous
phase of the polyamide and additional mobile chains are produced
that might become part of the polymeric crystallites [26-28].
Additionally, chain scission of polyamide occurs at long times
under oxygen, while cross-linking is the dominant effect during
the printing process [16]. Thus, any major contribution may be
caused by a higher temperature preheat at longer time scales [29].

The two different failure mechanisms, ductile and brittle, ob-
served in the specimens are explained by the stiffness difference
of both materials and the distribution of the particles across the

cross section

bottom region

top region

z

Fig. 12 a Picture of a specimen printed with 0.5 vol.% oxygen at 0° scan angle and b its 3-D micro-CT image analyzed volume
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specimen. Al has a considerably higher strength than the polyam-
ide; therefore, failure only occurs only in the polyamide matrix,
which is clear in Fig. 7b. In well-blended areas, the distribution of
the Al particles shows effectiveness in blunting crack propaga-
tions through the polyamide, which leads to the polyamide yield-
ing and causes a ductile fracture. Ductile zones were the most
common in this region among the specimens, and therefore is
the predominant failure mechanism, which explains the shape
of the stress-strain curves shown in Fig. 3. Bassoli et al. [11]
observed similar failure mechanisms on laser-sintered alumi-
num-filled polyamide multilayer bars. However, for poor-
blended areas, the concentration of Al particles is low, and cracks
can easily propagate without any obstruction which causes a brit-
tle failure. It has been reported in previous research that
aluminum-reinforced polyamide powder often shows coagulation
because the mixing process is not always effective due to the
difference in size and density of the particles and electrostatic
forces [8]; this may be the reason why poor-blended areas are
formed. Figure 7c shows an amplification of the brittle failure
zone in Fig. 7a, where it can be seen that no Al particles are
present in that zone due to the coagulation of the polyamide
particles.

A solid dense layer of molten polyamide is formed on the
top specimens. Al is denser than polyamide; therefore, when
the polyamide particles melt the Al particles sink and form a
top layer of polyamide. This phenomenon can be seen clearly
in Fig. 8a, where all Al particles are covered by a layer of
melted polyamide. Additionally, spherulites were found on
the top layer of molten polyamide (Fig. 8b). The formation
of spherulites occurs during the cooldown of the polymer by
slow and controlled recrystallization of the polyamide after
the scanning of the laser beam, which creates the spherulite
core by primary nucleation, followed by the radial growth of
fibrillar crystals at a constant rate. Spherulites regions are typ-
ically more densely packed than in the amorphous phase of
the polymer; therefore, some mechanical properties like den-
sity, tensile strength, and Young’s modulus increase in those
regions [30, 31].

The morphology of the bottom region of the specimens is a
mixture of Al and polyamide particles adhered to the melted
polyamide matrix and is explained by the phenomenon of the
melt pool. A lower energy density reaches the bottom of the
layer, and there is not enough energy to melt through the
polyamide composite powder layer. Therefore, the powder
particles joined to the melted polyamide on the top.

Finally, through micro-CT observation, an important quan-
tity of voids and pores can be appreciated inside of the spec-
imens (Fig. 11b). The porosity occurs during the consolidation
process. Due to the different sizes of the particles, gaps be-
tween the particles exist. When the polyamide particle is
melted, the polyamide starts to flow between the Al particles;
however, since the melted polymers have high viscosity, not

all the gaps are filled, and voids and traps remain in the solid
part. The average porosity of the specimens was 9.8%. It is
important to notice that this reduces the effective cross-section
and the tensile strength of objects.

5 Conclusions

The following conclusions can be made based on this
research:

» The oxygen concentration inside the chamber does not
affect the ultimate tensile strength, density, and porosity
of SLS parts. Only a small effect on the elongation to
fracture was noticed.

* The oxidation of the polyamide and Al does not predom-
inate during the laser—oxygen—powder bed interaction.

* The scanning angle was modified between 0°, 45°, and
60°, the latter rendering the best mechanical properties. As
expected, the density of the layers did not change with
different scan angles.

* A morphology analysis revealed a composite structure
formed by filled-reinforcement Al particles submerged
within a molted polyamide matrix. The Al particles effec-
tively work against crack propagation during tensile test-
ing, leading to ductile fracture of the specimens.

These results have important consequences for aluminum-
filled polyamide selective laser-sintered parts production,
since it has been proved that the thermal oxidation caused
by the laser beam on the powder bed has a small impact on
the mechanical properties and a better understanding of the
failure mechanism has been provided, findings that are rele-
vant for part design and quality.
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