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Abstract

Purpose — With the technological progress, high-performance materials are emerging in the market of additive manufacturing to comply with the
advanced requirements demanded for technical applications. In selective laser sintering (SLS), innovative powder materials integrating conductive
reinforcements are attracting much interest within academic and industrial communities as promising alternatives to common engineering
thermoplastics. However, the practical implementation of functional materials is limited by the extensive list of conditions required for a successful
laser-sintering process, related to the morphology, powder size and shape, heat resistance, melt viscosity and others. The purpose of this study is to
explore composite materials of polyamide 12 (PA12) incorporating multi-walled carbon nanotubes (MWCNT) and graphene nanoplatelets (GNP),
aiming to understand their suitability for advanced SLS applications.

Design/methodology/approach — PA12-MWCNT and PA12-GNP materials were blended through a pre-optimized process of mechanical mixing
with various percentages of reinforcement between 0.50 wt.% and 3.00 wt.% and processed by SLS with appropriate volume energy density. Several
test specimens were produced and characterized with regard to processability, thermal, mechanical, electrical and morphological properties. Finally,
a comparative analysis of the performance of both carbon-based materials was performed.

Findings — The results of this research demonstrated easier processability and higher tensile strength and impact resistance for composites
incorporating MWCNT but higher tensile elastic modulus, compressive strength and microstructural homogeneity for GNP-based materials. Despite
the decrease in mechanical properties, valuable results of electrical conductivity were obtained with both carbon solutions until 1078 S/cm.
Originality/value — The carbon-based composites developed in this research allow for the expansion of the applicability of laser-sintered parts to advanced
fields, including electronics-related industries that require functional materials capable of protecting sensitive devices against electrostatic discharge.
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1. Introduction « aclosed chamber for thermal and atmospheric control;

« powder bins for material feeding;

« arecoater for powder dosing and dispensing;

+ a building platform for the layer-by-layer manufacturing;
and

Selective laser sintering (SLS) is a powder bed fusion
technology wherein polymeric parts are produced through
powder material that is fused by the thermal energy of a laser
source according to a previously sliced computer-aided design
model (ASTM, 2012; Lopes et al., 2022b). For processing,
conventional laser-sintering systems comprise:
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« an optical system including the laser source and scanning
mirrors (Figure 1).

Since its development, SLS has wundergone significant
technological progress in terms of control systems and materials,
which in recent years has led to attractive compound annual
growth rates (e.g. projection of 12.9% from 2022 to 2028)
(MarketWatch, 2022). The promising capability of SLS for the
manufacturing of end-use parts has propelled scientific research
focused on the development of composite materials with novel
functionalities for advanced technical applications as an alternative
to conventional polyamides (Yuan ez al., 2019). Of all possibilities,
materials incorporating carbon-based particles are being
extensively studied, aiming for the production of laser-sintered
parts with improved mechanical, thermal and electrical
performance (Francis and Jain, 2015; Salmoria et al., 2017; Wu
et al., 2020). In turn, carbon-based particles have different
potential to improve mechanical and electrical properties
depending on the type of hybridization which defines their
structural rearrangement and microstructure (Ma-Hock er al.,
2013; Asadi and Kalaitzidou, 2018; Kharisov and Kharissova,
2019; Razeghi, 2019). Graphene and multi-walled carbon
nanotubes (MWCNT) are two different forms of carbon, known
as carbon allotropes, broadly studied. Graphene is a two-
dimensional monolayer of carbon atoms arranged in a hexagonal
network which is obtained from the exfoliation of graphite
(Ferreira, 2013; Ma-Hock er al., 2013; Asadi and Kalaitzidou,
2018; Kharisov and Kharissova, 2019). MWCNT are two or
more concentric cylinders of graphene sheets with diameters
ranging between 1.4 and 100 nm (Ferreira, 2013; Ma-Hock ez al.,
2013; Asadi and Kalaitzidou, 2018). Despite the similar
performance of both carbon-based particles, the differences in the
structural rearrangement allow graphene to surpass the properties
of carbon nanotubes in various applications (Zakaria ez al., 2017;
Sanivada ez al., 2022). Because of that, and due to the high cost of
graphene, promising cost-effective alternatives have become
available, such as graphene nanoplatelets (GNP) (Sanivada ez al.,

Figure 1 Schematics of SLS process
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2022). Both MWCNT and GNP are widely used to reinforce
polymer materials with the aim of modifying and/or improving the
properties of polymers processed by conventional and/or non-
conventional processing methods, such as additive manufacturing
(Madhad ez al., 2021; Lopes ez al., 2022a).

MWCNT are widely considered in the development of
composite materials for SLS, using the most common PA12
material as polymer matrix. Through the simplest method of
mechanical mixing, Salmoria et al. (2011, 2017) developed
composite materials of PA12 incorporating 0.5 wt.%, 1.0 wt.%
and 3.0wt.% of MWCNT. In their studies, improvements in
mechanical and electrical properties in relation to the polymer
matrix were reported until a high critical amount of
incorporation, where the electrical properties increased with
the decrease of the mechanical ones. Bai ez al. (2013, 2014,
2015) used a specific coating method to produce composite
parts with PA12 incorporating 0.1wt.% and 0.2wt.% of
MWCNT. Besides the improvements in mechanical properties,
advantages in thermal properties were also observed, namely,
with regard to thermal conductivity. Paggi er al (2013)
developed composite materials of PA12 incorporating 0.5 wt. %,
1.0wt.% and 3.0 wt.% of MWCNT through magnetic stirring
of solutions and mechanical mixing. They proved the influence
of the processing parameters, namely, the laser power and scan
speed, on the manufacturing of quality parts. Through
precipitation of solutions, Yuan ez al. (2016, 2018) incorporated
0.1wt.%, 0.5wt.% and 1.0wt.% of MWCNT pre-modified
with sodium cholate into a PA12 matrix. Benefits in tensile
strength and electrical and thermal conductivity were achieved.

Despite the outstanding properties of graphene, there are
fewer publications exploring its incorporation in polyamide-
base matrices for powder bed fusion processes. Makuch ez al.
(2015) evaluated PA12 with 1.0wt.% of graphene flakes
mechanically mixed for 1 h, 2h, 4 h and 8 h. The results proved
the influence of the mixing time on the dispersion of the
reinforcement and its interfacial adhesion with the matrix, with
the highest value being more advantageous for the sintering. De
Leon er al. (2018) evaluated PA12 with graphene oxide in the
volume percentages of 0.12vol%, 0.18vol%, 0.36vol% and
0.72vol% prepared through precipitation of solutions after an
exfoliation process. Composite parts with 0.36 vol% graphene
oxide presented an elastic modulus 48% higher than neat-
PA12 parts with similar tensile strength. Based on statistical
analyses, the electrical percolation threshold was defined for
0.05vol% of incorporation.

In addition to the typology and amount of incorporation, the
influence of the carbon-based reinforcements on the properties of
SLS parts depends on the process parameters, namely, the energy
density which is defined by the layer thickness, laser power, scan
speed and hatch distance (Lopes er al., 2022a). When the energy
input to the powder particles increases, the porosity of parts
decreases and the density and mechanical properties increase until
degradation begins (Czelusniak and Amorim, 2020; Tong ez al.,
2020). For PA12, values between 0.158 and 0.238])/mm> are
adequate for dimensional and geometric properties and values
between 0.278 and 0.318 J/mm? for mechanical strength (Lopes
et al., 2022b). In turn, the processing of carbon-based composite
materials requires specific adjustment of the sintering variables,
as this type of reinforcement intensifies the conduction of the
energy supplied by the laser beam through the layers of powder
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compared to conventional thermoplastics such as polyamides
(Salmoria et al., 2011; Bai ez al., 2013, 2015). Prior optimization
of the main SLS process parameters is therefore an essential
condition to avoid warpage and curling effects and to maximize
the density and mechanical strength of the parts produced,
depending on the reinforcement (Eshraghi ez al., 2013; Paggi
et al., 2013; Tian et al., 2018; Hong ez al., 2019). Nevertheless,
even with critical control of the operating variables, ensuring a
stable sintering process and quality interparticle adhesion without
agglomeration and/or porosity at reasonable development cost
are difficulties widely reported in literature (Parandoush and Lin,
2017; Asadi and Kalaitzidou, 2018; Madhad ez al., 2021; Lopes
etal.,2022a).

Despite the increasing number of scientific publications in
recent years, to the best of the authors’ knowledge, there is not any
research that directly compares composite materials incorporating
different carbon-based reinforcements under the same conditions
of development, evaluating their suitability for SLS. Hence, this
research investigates composite materials of a PA12 powder
incorporating MWCNT and GNP, without pre-treatment or
modification, in the weight percentages of 0.50 wt.%, 1.75 wt.%
and 3.00wt.%. The composite materials were prepared via
mechanical mixing for 12 h at room temperature and processed in
a commercial laser-sintering machine with pre-optimized volume
energy density. The macro- and micro-scale properties of
the developed composites were assessed through thermal,
mechanical, electrical and morphological characterization tests.
Data from a previously published study was considered for this
analysis (Lopes e al., 2022a). The main targets of this research
include understanding the potentialities and limitations of
composite materials incorporating carbon-based reinforcements
with regard to SLS processability and properties of parts
produced through a comparative analysis.

2. Materials and methods

In this study, PA 2200 from EOS GmbH in a mixture ratio of 1:1
(virgin and processed) was used as PA12 matrix, and MWCNT
NC7000™ from NANOCYL and GNP from Graphenest, S.A.
were used in the weight percentages of 0.50 wt.%, 1.75 wt.% and
3.00wt.% as carbon-based reinforcements. The composite
materials were prepared through mechanical mixing at 15
revolutions per minute for 12h at room temperature. After
preparation, the blended mixture was processed in an EOS P 396
laser-sintering machine containing vibrating powder dispensers
operating at 10-15L/min of fluidisation flow rate to minimize
compaction effects. The samples were produced with the
medium-low energy value of 0.238]/mm> defined after a prior
optimization for the conditions of the study by proper definition of
the layer thickness, laser power, scan speed and hatch distance
(Table 1).

Experiments with neat PA12 material were carried out for
reference. Several test specimens were positioned in the XYZ
orientation in the centre of the building platform to guarantee
accurate thermal stability during processing. Blasting and
polishing stations were considered to clean the test specimens
in post-production operations. Hereafter, the powder
composite materials were characterized by differential scanning
calorimetry (DSC) in a Netzsch DSC 200 F3 Maia according
to ISO 11357 to determine their melting and crystallization

Table 1 SLS Process parameters

Hatching

Laser power (W) 32
Scan speed (mm/s) 3,730
Hatch distance (mm) 0.30
Extra beam offset (mm) 0.12

Contour and post contour

Scan speed (mm/s) 3,000
Laser power (W) 34
Extra beam offset (mm) 0
Layer thickness (mm) 0.12
Process chamber temperature (°C) 173
Removal chamber temperature (°C) 130
Beam offset (mm) 0.32

Source: Table by authors

temperatures, which define the thermal processing window for
SLS. A small portion of the sample was analysed under a
nitrogen atmosphere in a first heating from 30°C to 230°C,
cooling from 230°C to 30°C, and second heating from 30°C to
230°C. The produced test specimens were then characterized
in terms of surface roughness using an InfiniteFocusSL Alicona
microscope operating at 10x objective magnification with
lateral topographic resolution of 2um. An Instron 5969
Universal Testing System was used to carry out tensile tests at
1 mm/min (ISO 527-2) and compression tests at 1.3 mm/min
(ASTM D695) using a load cell of 50 kN at room temperature.
V-notch Izod impact tests were performed in a CEAST Impact
Testing Machine at room temperature according to the Test
Method A of ASTM D256, using a pendulum with 4] of
capacity. The electrical properties were assessed through
surface measurements on flat plates using a Keithley Model
8009 Resistivity Test Fixture operating at 10 V (ASTM D257).
Finally, the microstructure of the composite materials previously
prepared with 15 nm of gold coating was evaluated by scanning
electron microscopy (SEM) in a Nano SEM FEI Nova 200.

3. Results and discussion

3.1 Preparation and processing characteristics
In the inital development stages, it was verified that weight
percentages of incorporation of MWCNT and GNP beyond a high
critical value prevent the preparation of homogeneous and
consistent powder mixtures. Regarding MWCNT, agglomerates
and particles migrated to the borders were observed during the
mechanical mixing, in particular for composites incorporating
3.00 wt.% of reinforcement (Figure 2). In turn, despite the potential
of GNP to promote greater dispersions after long periods of mixing,
the inclusion of this reinforcement in the mixture resulted in a final
material with a high level of compaction, with several particles that
stuck together, compromising the powder flowability (Figure 3).
Owing to the significant powder compaction effects, composites
incorporating GNP were more difficult to process than PA12 and
PA12-MWCNT materials. Regarding the processing parameters,
it was verified that as the amount of MWCNT and GNP increases
in the mixture, lower values of energy density are required for the
sintering, as such reinforcements intensify the conduction of
energy through the layers of powder.
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Figure 2 Agglomeration of MWCNT during mechanical mixing

Source: Figure by authors

Once the process was optimized, the composite parts were
successfully produced with 0.238J/mm> of volume energy
density. Primary observations evidenced darker colouring with the
increasing weight percentage of incorporation of reinforcements.
Regardless of the colour, visual and tactile perceptions suggested
smoother surface finishing for test specimens produced with
PA12-GNP materials (Figure 4). Rougher surfaces, as observed
in test specimens produced with PA12-MWCNT materials,
required more intensive cleaning steps.

3.2 Surface roughness

In a previous published work (Lopes er al, 2022a), it was
demonstrated that the surface roughness of test specimens
produced with PA12-MWCNT materials increased by ~19%
with the incorporation of reinforcement from 0.50wt.% to

3.00wt.%. In test specimens produced with PA12-GNP
materials, a significant influence of the increasing amount of GNP
on the surface topography of the test specimens was also observed
(Figure 5).

The test specimens produced with PA12 incorporating 0.50 wt.
%, 1.75wt.% and 3.00wt.% of GNP presented values of
arithmetic mean height (Sa) of 16.3 um, 16.9 um and 17.7 um,
respectively, on their upward-facing surfaces in a rising trend. This
represents an average increase of ~9% with the incorporation of
GNP from 0.50 wt.% to 3.00 wt.%. Although the Sa values cannot
be directly compared to those obtained for PA12-MWCNT [the
experimental parameters (e.g. exposure time, contrast and
resolution) were differently adjusted to each surface topography],
the variation in PA12-GNP is smaller than that recorded in PA12-
MWCNT materials. This result indicates that the surface
roughness of laser-sintered parts is more influenced by the
incorporation of MWCNT than GNP, which agrees with the
characteristics of surface finishing shown in Figure 4.

3.3 Thermal properties

The DSC thermograms obtained for PA12, PA12-MWCNT
and PA12-GNP materials are shown in Figure 6. In all of them,
it is possible to evidence a single endothermic peak of fusion
and exothermic peak of crystallization, respectively, detected
during the heating and cooling of the samples.

Based on the corresponding DSC thermograms, the thermal
processing window of the developed materials was identified
with the upper and lower limits, respectively, defined by their
melting and crystallization temperatures (Figure 7). The
operating window of PA12 between 145°C and 177°C (i.e.
thermal interval of 32°C) was considered a reference.

In the DSC thermograms, no significant modifications were
observed in the melting temperature, which recorded values

Figure 3 Mechanical mixing of PA12-GNP materials in initial (left) and final (right) stages

Source: Figure by authors

Figure 4 Surface of test specimens produced by SLS with PA12 incorporating 3.00 wt.% of MWCNT (left) and 3.00 wt.% of GNP (right)

Source: Figure by authors
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Figure 5 Surface topography of test specimens produced by SLS with
PA12 incorporating 0.50wt.% (top), 1.75wt.% (middle) and 3.00 wt.%
(bottom) of GNP
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close to 177°C in all materials. On the other hand,
the results showed that the incorporation of MWCNT and GNP
increased the crystallization temperature of the base material to
151°C and 150°C (on average), respectively. This suggests that
the carbon-based reinforcements acted as nucleating agents,
influencing the crystallinity of PA12. In consequence, PA12-
MWCNT and PA12-GNP materials presented a thermal
processing window 6°C and 5°C narrower than the base matrix,
respectively. Compared to PA12, the degree of crystallinity of
PA12-MWCNT was not significantly modified, but it slightly
increased (~ 2%) with the incorporation of GNP.

3.4 Mechanical properties

The influence of the incorporation of carbon-based
reinforcements on the mechanical performance of laser-
sintered parts under tensile, compressive and impact loads is
discussed in this section.

The stress—strain curves obtained from the tensile tests revealed
the significant influence of MWCNT and GNP on the properties
of PA12. Regardless of the type of reinforcement and weight
percentage of incorporation, the elastic modulus and tensile
strength of the resulting composites decreased in relation to the
matrix (Figure 8). From 0.50wt.% to 3.00wt.%, the elastic
modulus decreased 25.9% in PA12-MWOCNT materials and
18.6% in PA12-GNP materials, reaching minimum values of
1,088.0 = 19.6 MPa and 1,295.1 * 74.2 MPa, respectively. In all
conditions, composite materials incorporating GNP presented
higher elastic modulus than composites incorporating MWCNT,
which may be related to the higher crystallinity rate induced by the
incorporation of GNP. In relation to tensile strength, although
PA12-MWCNT materials presented higher values than PA12-
GNP materials, they exhibited a decrease of 40.1% until 3.00 wt.
%, exceeding the decrease of 34.9% in materials incorporating
GNP. Compared to the reference value of 45.0 MPa in PA12 test
specimens, minimum values close to 22 MPa were obtained with
the incorporation of these carbon-based reinforcements.

Similar results were observed for compression properties
(Figure 9). In general, PA12-GNP materials revealed greater
compressive modulus and compressive strength than PA12-
MWCNT materials, despite the decrease in relation to the
neat-PA12 matrix. In this regard, values of compressive
modulus of 1,454.3 = 24.2 MPa and 1,141.2 = 25.5 MPa were
recorded in composites incorporating 0.50 wt.% and 3.00 wt.%
of GNP, respectively, with compressive strength of 47.6 =
2.8 MPa and 46.1 = 3.6 MPa. On the other hand, composite
materials with 0.50wt.% and 3.00wt.% of MWOCNT,
respectively, showed compressive modulus of 1,299.3 =
39.5 MPa and 1,003.0 =51.1 MPa and compressive strength
of51.1 = 1.0 MPaand 36.0 = 0.6 MPa.

The Izod impact resistance was significantly higher for PA12-
MWCNT than for PA12-GNP materials, despite the decrease in
relation to the reference value of 5.1 = 0.3 kJ/m? recorded in PA12
test specimens (Figure 10). In materials incorporating MWCNT,
an average of 4.5 kJ/m® was obtained without significant variation
between experiments. In turn, it was observed that there was a
decrease in the impact resistance of PA12-GNP materials with the
increasing amount of incorporation, from 2.5 *+ 0.2kJ/m? with
0.50wt.% to 1.7 = 0.2 kJ/m” with 3.00 wt. %.

It is known that the establishment of a uniform and
homogeneous interaction of the reinforcements with the matrix is
an essential condition to ensure the development of new materials
for SLS with improved macro-scale properties (Marmol ez al.,
2021). The aforementioned reduction in mechanical properties
therefore suggests that the MWCNT and GNP may not be
properly dispersed and distributed in the PA12 matrix. In fact, this
is the main challenge in using these solutions due to the strong van
der Waals forces and hydrophobic—hydrophilic interactions
established between these reinforcements and polymers, such as
PA12 (Madhad ez al., 2021).

3.5 Electrical properties
The results of surface resistance and electrical conductivity of
composite materials incorporating MWCNT and GNP are shown
in Figure 11.

With the incorporation of MWCNT and GNP until 3.00 wt.
%, it was observed that there was a significant decrease in the
surface resistance and an increase in the electrical conductivity
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Figure 6 DSC thermograms of PA12, PA12-MWCNT and PA12-GNP materials
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Figure 7 Thermal processing window of PA12, PA12-MWCNT and
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in relation to the polymer matrix. In both electrical parameters,
MWCNT-based materials better-performed composites
incorporating GNP. This may indicate that the long tubular
structure of the MWCNT acts as a bridge between the carbon
particles and the polymer, which is favourable for the creation
of an effective conductive path in the materials, improving their
electrical performance (Sanivada er al., 2022). With regard to
electrical surface resistance, values between 10'°-10° Q and
10°-10* Q were, respectively, obtained in composite materials
incorporating MWCNT and GNP in weight percentages
between 0.50 wt.% and 3.00 wt.%. According to IEC 61340-5-1,
composite materials incorporating 1.75 wt.% of GNP reached the
electrostatic-dissipative range (i.e. 10° < surface resistance > 10!
Q), proving its suitability for applications where it is necessary to
ensure protection against electrostatic fields (e.g. manufacturing
of enclosures or jigs for the automotive electronics industry)

—PAIL2
PAI2 +0.5wt% GNP
—PAI2 + 1.75wt% GNP

LO - | _pa12+3.0wt% GNP

N

Heat Flow (mW/mg)
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(Silva ez al., 2020). In both materials, the electrical conductivity
gradually increased to 10~ ° S/cm, surpassing the insulating range
of the base polymeric matrix (Le ez al., 2017). This demonstrates
that these carbon-based reinforcements can effectively be used to
enhance the electrical properties of polymers with low percentages
of incorporating (Sanivada ez al., 2022).

3.6 Morphological properties

Understanding the influence of the morphology on the
aforementioned thermal, mechanical and electrical properties is
of key importance for the successful development and production
of composite materials by SLS. The analysis performed with an
ultra-high-resolution microscope revealed significant differences
in the cross-section of the test specimens produced with PA12-
MWCNT and PA12-GNP materials with regard to the content
of porosity and interparticle adhesion, compared to the reference
condition of PA12 (Figure 12).

Agglomerates of MWCNT were extensively observed in the
cross-section of test specimens produced with such composite
materials (Figure 13). This is a consequence of the strong
interactions and van der Waals forces established between the
nanotubes, which were not efficiently counteracted by the
mechanical mixing process. These effects became more evident
with the increasing amount of MWCNT, as observed and
analysed in a previous work (Lopes ez al., 2022a).

With the increasing percentage of incorporation of GNP
from 0.50wt.% to 3.00wt.%, the cross-section of the test
specimens was significantly modified, in particular from
0.50wt.% to 1.75 wt.% (Figure 14).

At higher magnification, unsintered powder particles were
clearly distinguished in the cross-section of the test specimens,
suggesting that GNP acted as an inhibitor to the flow and
consolidation of the polymer powder particles. As the amount
of GNP increased to 3.00 wt.%, the surface area of polymer
material available to establish a quality interparticle coalescence
decreased. This impaired the definition of a strong, uniform
and homogeneous cross-section (Figure 15).

Regardless of the carbon-based reinforcement, the
microheterogeneities developed during the mixing and laser-
sintering processing were responsible for the reduction in
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Figure 8 Tensile elastic modulus (left) and tensile strength (right) of PA12, PA12-MWCNT and PA12-GNP materials processed by SLS
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Figure 9 Compressive elastic modulus (left) and compressive strength (right) of PA12, PA12-MWCNT and PA12-GNP materials processed by SLS
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mechanical properties. Despite the weak dispersion that was
developed, a great distribution of the particles was observed all
over the cross-section of the test specimens (Figure 14), which
may explain the creation of a conductive path able to reduce the
electrical surface resistance of the parts, enhancing its electrical
conductivity. This agrees with results from literature reporting
that agglomerates of GNP may improve the -electrical
properties of the material in which they are incorporated
(Sanivada ez al., 2022).

4. Conclusions

This research presents an analysis of the laser-sintering processing
of polymer-based composite materials incorporating MWCNT
and GNP and its influence on the thermal, mechanical, electrical
and morphological properties of the parts produced.

The results first revealed that the selection of appropriate
preparation methods is essential to obtain a uniform dispersion
and distribution of the reinforcements in the matrix and, therefore,
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to create a composite material with homogeneous microstructure
and thus improved macro-scale properties. In terms of processing,
it was verified that composite materials incorporating these
carbon-based reinforcements require lower energy density
compared to the matrix due to their high thermal conductivity and
enhanced ability for laser absorption. This was ensured by defining
appropriate values of laser power, scan speed, hatch distance and
layer thickness in each building job. The results obtained from the
characterization tests revealed that, for same weight percentages of
incorporation and conditions of preparation and processing,
PA12-MWCNT materials allow the production of parts with
higher tensile strength, impact resistance and electrical
conductivity, with easier processability and lower costs compared
to PA12-GNP materials. In turn, parts with greater surface
quality, higher tensile elastic modulus and compressive strength
were obtained with the incorporation of GNP into the PAI12.
Based on the intrinsic characteristics of each carbon allotrope and
its different potential to influence the properties of polymers, parts
with different mechanical properties and various levels of electrical
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Figure 10 I1ZOD impact resistance of PA12, PA12-MWCNT and PA12-
GNP materials processed by SLS
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surface resistance and conductivity were obtained in this work.
With the increasing amount of incorporation of MWCNT and
GNP, the mechanical properties decreased due to the non-
uniform stress distribution caused by the heterogeneous
dispersion and distribution of the reinforcements in the mixture.
In turn, the agglomerates distributed all over the cross-section of
the parts allowed the creation of an electrically conductive path
that reduced the electrical surface resistance of the parts
produced until minimum values of ~10° Q.

By exploring the development of new composites, this work
aims to help broaden the materials portfolio for SLS and,
ultimately, enable the use of laser-sintered parts in advanced
applications where conventional materials do not meet
specifications. In future work, advanced morphological
characterization tests (e.g. EDX mapping, TEM) will be
considered to analyse the raw materials and the prepared
mixtures, aiming to understand their influence on the properties
of the parts produced. Multi-step preparation methods will be
studied to improve the adhesion between the polymer matrix and
the reinforcements, enhancing the mechanical strength of the
parts. Rheological properties may also be considered to analyse
the flowability of the materials, depending on the typology of

Figure 11 Surface resistance (left) and electrical conductivity (right) of PA12, PA12-MWCNT and PA12-GNP materials processed by SLS
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Figure 12 Cross-section of neat-PA12 (left) and PA12 incorporating 3.00 wt.% of MWCNT (middle) and ) 3.00 wt.% of GNP (right) processed by SLS

Source: Figure by authors
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Figure 13 Cross-section of PA12 incorporating 3.00 wt.% of MWCNT processed by SLS at low (left) and high (right) magnification

Source: Figure by authors

Figure 14 Cross-section of PA12 incorporating 0.50 wt.% (left), 1.75 wt.% (middle) and 3.00 wt.% (right) of GNP processed by SLS

Source: Figure by authors

Figure 15 Cross-section of PA12 incorporating 3.00 wt.% of GNP processed by SLS at low (left) and high (right) magnification

Source: Figure by authors

the reinforcement and amount of incorporation. Further
investigation will also consider the fabrication of a case-study to
validate all these findings in real conditions of implementation.
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