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Abstract

In the present work, Graphite nanoPlatelets/Polyamide-12 (GnPs/PA-12) particle
composites were produced through additive manufacturing (AM). The selective
laser sintering (SLS) technology was used to manufacture 3D-printed composite
components by means of a powder mix of GnPs and PA-12. The analyzed combi-
nation of technology and materials allows to obtain parts with improved thermal,
electrical, and tribological properties, while maintaining a low production cost. In
total were realized 5 different scenarios, each one with a different wt% of the GnPs
reinforcement (2-4-6-8-10 wt%), and compared the results to the PA-12 matrix.
Experimental tests were performed to study the morphology (profilometry, SEM,
wettability), the electrical conductivity under different normal loads (0.1-1 kN),
the thermal performance, and the tribological properties of each sample. The
results show that the increase of GnPs particles dispersed in the matrix leads to a
hydrophobic behavior of the surface. An improvement in electrical conductivity
(from 10! S/cm of the pure PA-12 matrix to 10 * S/cm of the 10 wt% GnPs) and
thermal performance (33,6% improvement for the best-case scenario compared to
the bare matrix) was observed. Tribological tests underlined a reduction of 25% in
friction coefficient and an improvement of 80% in wear resistance compared to
the PA-12 matrix.

Highlights

« 3D printed GnPs/PA-12 composites does not exhibit any significant geomet-
rical alteration.

« GnPs enable hydrophobic surfaces with increased contact angles.

« Electrical conductivity improved from 10~ '' S/cm of the unfilled PA-12
matrix up to 10~* S/cm, for the 10 wt% GnPs sample.

» Thermal performance improves up to 33.6% with GnPs reinforcement.

« 10 wt% GnPs reduces friction by 25% and wear by 81%.
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1 | INTRODUCTION

The advantages of additive manufacturing (AM) com-
bined with the mechanical and functional features of
polymer matrix composites have drawn intense research
interest recently."? Among the different AM techniques
that process polymers, Laser-Based Powder Bed Fusion
(PBF-LB/P) commonly known as selective laser sintering
(SLS), is considered particularly promising due to the
near-isotropy of the components produced, the total lack
of support structures,’ the easy accessibility to novel
materials,*” including composites,”’ thus opening for a
direct end product fabrication without the need for subse-
quent post-processing.®’

Because of their great specific strength, flexibility, high
processability, and corrosion resistance, polymers are a valu-
able class of materials in engineering. However, most poly-
mers are by nature nonconductive materials both thermally
and electrically, and very often, they have limited mechani-
cal properties, like stiffness, tensile strength and wear
resistance.'>"" Among polymers, polyamide 12 (PA-12) is a
widely used engineering material for SLS, thanks to its excel-
lent thermal stability, good impact strength, good fracture
resistance, and high processability,"* experiencing great
interest, especially from the automotive and aerospace
industries."*'* However, significant efforts have been made
so far to further increase the qualities of polymer-based parts
by the application of functional reinforcements'>'® since
these sectors require to satisfy stringed regulations, with the
aim to obtain a material with improved stiffness and
toughness,”’ specific electrical and thermal properties,'®*’
possibility to realize complex shapes that are impractical to
produce using traditional techniques,® lightweight
structures,”! low-friction®*** and wear-resistant features,***
and chemically stable.?®

Carbon-based nanofillers, for example, graphene
nanoplatelets, carbon nanotubes, carbon black, and so
forth, are frequently employed as functional and reinfor-
cing fillers for polymers to modify their characteristics
both in SLS*” and fused filament fabrication.”® Carbon
nanofibers (CFs) and graphene nanoplatelets are usually
chosen over carbon-based nanofillers because of their
strong Van der Waals affinity, preventing agglomeration
during mixing,' and save material costs since they can be
made using a scalable production method.*” Moreover,
nano-scale particle fillers offer the advantages of having
larger surface areas for stress transfer from the polymeric
matrix to the particles and require smaller loadings.’

The use of the SLS technique to process composite
powders obtained through the incorporation of strong
and highly conductive carbon-based reinforcements into
the polymeric matrix can provide, in this context, a suit-
able solution able to fulfill the mentioned requirements

for functional applications. Several attempts have been
made to improve the characteristics of PA-12 by incorpo-
rating carbon-based fillers for SLS processing. Lopes
et al.> prepared PA-12/GnP samples by using a mechani-
cally mixed composite powder with various weight per-
centages of reinforcement, between 0.5 and 3. Despite the
decrease in mechanical properties, they demonstrated
an improvement of the electrical conductivity up to
10® S/cm. These results were then confirmed by Lupone
et al.," who laser sintered hybrid composite powders made
of PA-12/CF and PA-12/CF/graphite by mechanical mix-
ing of various weight percentages of fillers, up to 20%.
They declare that although the addition of CFs improves
the mechanical properties of neat PA-12, further mixing
with graphite deteriorates the performances, especially at
higher weight percentages. While, at the same high per-
centages of fillers, the electrical conductivity reaches
values between 10 * and 10> S/cm, against 10 ! S/cm of
the unfilled PA-12. Unlike the previous works, Meng
et al.'® propose a novel approach for PA-12/GnP powder
mixing based on electrostatic self-assembly to obtain con-
trolled weight compositions at 0.1%, 0.2%, and 1%. How-
ever, they also state that only at the highest concentration
of Graphite Nanoplatelets (GnPs) electrical and thermal
conductivities increase, up to 107> S/cm and 0.41 W/m K
respectively, against 10~ ' S/cm and 0.19 W/m K of the base
material, while demoting the mechanical properties. Badini
et al.*' tested commercial composite powders with a much
greater CF weight concentration, of about 19% and 28%,
highlighting that the orientation of the fillers plays a crucial
role in the final mechanical properties with a detrimental
effect when the fibers are oriented perpendicularly to the
applied load, as further verified by Khudiakova et al.>* They
performed a systematic analysis on PA-12/CF composite
samples obtained through mechanical mixing of commercial
powders with a weight percentage of 12% of filler, underlin-
ing the importance to optimize fiber orientation in essential
and critical parts. Chen et al.*® report on the adoption of a
PVA intermediate medium for the adhesion of GnPs on PA-
12 particles, with weight concentrations of 0.1% and 1%.
While at lower concentrations the PA-12/PVA/GnP compos-
ite samples exhibited a modest improvement in mechanical
propetties, these were deteriorated by increasing the weight
percentage of GnPs. Gadelmoula and Aldahash® adopted an
in-house developed PA-12/CF/GnP composite powder
made of 5% and 2% in weight of CF and GnP respectively. In
contrast with the described behavior of the mechanical prop-
erties at increasing concentrations of carbon-based reinforce-
ments, they state that the tribological properties, that is,
steady-state coefficient of friction, contact temperature, and
wear pattern, are independent from orientation.

From the literature analysis, there is a large number
of combinations of filler-polyamide powders, mixing
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processes, and fabrication parameters currently being
studied to find the optimal components to satisfy the strin-
gent requirements of the modern automotive and aero-
space industries. Moreover, the GnPs reinforcement is a
well-balanced trade-off between the increase in perfor-
mance and the material cost compared to a pristine Gra-
phene reinforcement. However, despite the promising
features of the PA-12/carbon-based composite powders
processed through SLS, further research is needed to
explore and understand the mechanical, electrical, thermal,
and tribological properties under a wide range of operating
conditions. In this context, the present study attempts to fill
the lack of adequate thermo-electric characterization of this
type of composites in the scientific literature and allows
the manufacturing of PA-12/GnPs composites at different
weight percentages obtained through mechanical mixing
and processed by using a commercial SLS machine, which
could be industrially relevant due to the cheapness of the
reinforcement used and the mixing methodology. The pro-
duced samples were tested to identify the morphological,
electrical, thermal, and tribological properties, in order to
understand the effect of the filler content on the resulting
performances.

2 | MATERIALS AND METHODS

Graphite Nanoplatelets powder used in these experi-
ments was supplied by Nanesa S.rl (Via Calcutta,
8, Rome, Italy). and the physical properties are indicated
in Table 1, while Polyamide 12 powder (PA-12 smooth
commercial powder) was supplied by the company Sin-
terit (Nad Drwing 10/bud. B3, Krakéw, Poland) and
employed as the polymeric matrix for the nanocomposite.

Graphite Nanoplatelets were mixed with PA-12 pow-
der by mechanical mixing. Respectively different weights
of GnPs (2, 4, 6, 8, and 10 wt%) were dispersed into the
matrix powder by means of a roto-vibrational sieve. To
guarantee the homogeneity of the mixture, the process
was repeated 10 times. Afterward, the mixture was dried
in a static oven at a temperature of 80 °C for 24 h.

Since the realized powder mixtures are not commer-
cial, is interesting to evaluate the flowability. In particu-
lar, the flowability has been evaluated with the Hausner
ratio (HR) calculated with the following equation.***”

HR = peop/ Pouik (1)

where p,,, is the density of the mixture calculated after
the densification of the powder, and pyyk is the bulk den-
sity. The densities are determined by demarcating a small
cuvette with known volumes, then inserting a small mass
of powder into the cuvette to determine the bulk density

PROFESSIONALS  COMPOSITES

TABLE 1
as declared by the producer.

Physical properties of the GnPs reinforcement used

Features Content Units

Graphite Type Graphite -
Nanoplatelets

Carbon content >97 [wt%]

C:O ratio 44:1 -

Bulk density 0.20-0.42 [g/cm?]

Specific surface area 30 [m?/g]

Average particle lateral 30 [pm]

size — D90

Average particle lateral 25 [pm]

size — D50

Average thickness 14 [nm]

and gently tapping it vertically against a padded bench top
50 times to calculate the tapped density.>® The process was
repeated 3 times to ensure the repeatability of the results
obtained.

Before printing, the powder mixtures were analyzed by
using Differential Scanning Calorimetry (DSC) to evaluate
if any change in the sintering window occurred due to the
addition of GnPs. This is the temperature interval between
the melting point (Ty) and the recrystallization (Tg) of
the polymer and represents that range where the bed
temperature of a semi-crystalline polymer is typically
fixed to keep it there long enough to reduce the adverse
effects of thermal stress following consolidation.” To this
end, the tests were conducted using the DSC Q2000 by
TA Instruments (159 Lukens Dr., New Castle) and the
results were analyzed by means of the software TRIOS. It
was set a heating/cooling speed of 10°C/min, a nitrogen
flow of 20mL/min, and a temperature interval between
20 and 225°C, carried out in one complete cycle of heating/
cooling per condition. The background correction was per-
formed by doing an empty crucible run in which was evalu-
ated the heat flow associated with the empty crucible and
afterward, the reference baseline obtained from that run
was subtracted from the sample heat flow data.

Selective laser sintering process was employed to
3D-print neat polyamide and its GnPs reinforcement at
the indicated GnPs weight concentrations. The schematic
of the process is presented in Figure 1A.

The sample geometry consists of 30 x 30 x 3 mm’
square plate, which was used for all the subsequent char-
acterization tests. The SLS machine used to produce the
samples was the Lisa Pro by Sinterit (Nad Drwing
10/bud. B3, Krakéw, Poland). It is equipped with an IR
laser diode type at a wavelength of 808 nm and power up
to 5W. During the 6 different 3D printing processes
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(each one with a different GnPs wt% concentration), the
layer thickness and the chamber temperature were kept
constant respectively at 0.125mm and 200 °C, the
samples were all printed in the XY plane. After the 3D
printing process, the samples were sandblasted with alu-
minium oxide by Smyris Abrasivi S.r.l. (Via R. Sanzio,
9, Pero, Italy) characterized with 1.2 pm average diameter
and a shape factor of 0.67, at a pressure of 2 bar and an
angle of about 60° for 30s to remove the excess of
powder on the surface. The final produced samples at dif-
ferent wt% are shown in Figure 1B. In total were pro-
duced 6 different wt% of GnPs reinforcement scenarios
and replicated 3 times, for a total of 18 samples, which
were tested for all the characterizations.

After the production phase, a density evaluation of
the different specimens was performed to assess the dif-
ferences between theoretical values and measured ones.
The theoretical density values were obtained by the mix-
ture rule, following the equation:

1
P, W &)
p Py

where p. represents the density of the composite, W,
and p,, the weight fraction and density of the PA12
matrix, W, and p, the weight fraction and density of

(A)
Polyamide

the GnP reinforcement. The measured density values
were calculated considering the volume of the samples
and weighting specimens by means of the analytic scale
Sartorius BCE ENTRIS II Serie, by Sinergica Soluzioni
S.r.l. (Viale Luca Gaurico, 9, Rome, Italy).

Successively, each one was morphologically charac-
terized, to verify if the addition of the reinforcement
significantly altered the specimens’ surface features. The
analysis was performed by using the 3D surface profiling
system Talysurf CLI 2000 by Taylor Hobson (2 New Star
Road, Leicester, United Kingdom) to collect roughness
profiles. For each sample, a total of 15 profiles with
12.5 mm length, an interspace of 100 pm, and a resolu-
tion of 1 pm were collected, according to the ISO 4287
standard. The roughness of the treated samples was stud-
ied considering the Roughness Average (Ra) and 10 Point
Height of Irregularities (Rz). The profiles were then elab-
orated by means of surface analysis software Mountains
v.8.0 by Digital Surf (16 rue Lavoisier, Besancon, France),
which collected Ra and Rz using a 2.5 mm Gaussian
Filter.

To evaluate the homogeneous dispersion and adhe-
sion of the reinforcement within the matrix, a scanning
electron microscope (SEM) analysis was performed by
means of the SNE ALPHA produced by SEC Co. Ltd.
(111 Saneop-ro, Gwonseon-gu, Suwon-si, Gyeonggi-do,
South Korea). Before the observation, to increase the

SLS system

GnPs/PA powder

FIGURE 1 (A) Schematic of the production process of the samples (B) GnPs/PA-12 reinforced samples realized through the

3D printing process.
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quality of the images, the samples were coated with plati-
num for 5 min with an ion sputterer MCM-100 by SEC
Co. Ltd. Afterward, images were acquired both on the
external surface and in the cross-section to assess for
homogeneous reinforcement presence with a 20 kV oper-
ating voltage at several magnifications.

Since the GnPs are notoriously, highly hydrophobic®’
wettability tests were performed to evaluate wetting angle
and water absorption differences in each scenario. The anal-
ysis was performed by means of BIOLINS SCIENTIFIC
Attension Theta Flow instrument (Hingpilsgatan 7, Vistra
Frolunda, Sweden) using a deionized water droplet with a
volume of 5 pL. Test duration time was 60s and the data
acquisition rate was set at 2.5 FPS in order to obtain
150 frames.

Since the auto-lubricating properties of the GnPs are
widely known in literature,® to evaluate the improvement
in tribological performances (friction coefficient, wear
resistance) of the produced composites, tribological tests
were carried out using a standard tribometer by CSM
Instruments (Rue de la Gare 4, Peseux, Switzerland), in
the ball-on-flat configuration with a half-amplitude of
2.5 mm and a maximum speed of 5 cm/s. The tests were
repeated 3 times to assess the repeatability of the results,
and carried out with a normal load of 2 N* using an
Al,O; ceramic ball with a diameter of 6 mm within a slid-
ing distance set at 200 m. This load, considering the coun-
terpart diameter used, the Young modulus of the coupled
materials (350,000 MPa for Al,Os, 1470 MPa for the PA12
smooth) and their Poisson modulus (0.3 for Al,O; and
0.45 for PA12 smooth), develop a maximum Hertzian con-
tact pressure of 40 MPa, compatible with the application
of low-friction polymer gears proposed by Li et al.*’ To
evaluate the wear resistance, 3D maps of the wear track
(5.5 x 1.2 mm?® with a spacing of 2 ym in both directions)
were collected using the aforementioned 3D profilometer.
Wear volumes were calculated once the maps were
acquired by means of the surface analysis software Moun-
tains v.8.0.

GnP is known to have excellent electrical and thermal
properties (thermal conductivity of ~4000 Wm—1K—1,
electrical conductivity of ~1.5 x 10° S/m),*' and many
researchers used it as a reinforcement to improve the
thermo-electrical properties of non-conductive matrixes**
including PA-12."° For this reason, the electrical conduc-
tivity and thermal performance of each different wt%
sample were evaluated to verify whether the addition of
the GnPs reinforcement turns the composite into a fairly
thermo-electrically conductive material. First, the electri-
cal resistance of the samples was measured by means of a
resistance meter DC series 2840 by B&K Precision
(22,820 Savi Ranch Pkwy, Yorba Linda, California,
United States) using Kelvin test leads with a 4-point

{
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probe configuration. Since the samples produced through
SLS are notoriously porous® it was investigated the influ-
ence of an external compressive load since a porosity clo-
sure brings the GnPs closer together, which may affect
the electrical resistivity of the material. With this aim,
the tests were performed by applying a fixed compressive
load with the MTS Insight 5 by MTS S.r.l. (Strada Pia-
nezza 289, Torino, Italy) with a load cell of 5 kN to assess
the influence of an external force on the electrical behav-
ior. For this purpose, 10 different loads ranging from 0.1
to 1 kN were investigated. The schematic of the test is
shown in Figure 2A.

After the test, the electrical conductivity of the sam-
ples is calculated through the following equations:

p=""210-cm 3)

o= Is/em @)

where o is the electrical conductivity, p is the resistivity,
R is the measured electrical resistance, A the cross-
sectional area of the samples and [ is the sample's
thickness.

To evaluate the improvement in thermal perfor-
mance, a comparative test between the produced sam-
ples, schematized in Figure 2B, was conducted by means
of a thermal imager Fotric 348A by Fotric (17,250 Dallas
Pkwy, Dallas, Texas, United States) that has a thermal
sensitivity of 30 mK in the range —20 up to 120 °C. First,
the specimens were laid down on a hot plate set at a tem-
perature of 45 °C for 60 min in order to initialize the test
temperature for each specimen around the same temper-
ature value as shown in Figure 2B. Subsequently, the hot
plate was heated up to a set temperature of 100 °C and
the thermal history of the samples was recorded with the
IR camera at a distance of 600 mm and by imposing an
emissivity of 0.85 which is both the mean value for PA12
and GnPs.”® The results analyzed by means of the ther-
mal imager software Analyzers with a data acquisition
rate of 2 FPS for 700 s. In particular, the history of aver-
age temperature in the whole area and the central spot of
each sample were recorded during the test. To evaluate
the improvement in the thermal behavior, it was also cal-
culated the time to reach 90 °C for each wt% considered.

3 | RESULTS AND DISCUSSION

The flowability results are shown in Table 2. According to
the literature,* an HR below 1.25 suggests free-flowing pow-
der, while an HR above 1.4 indicates potential fluidization
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IR camera

Samples

- Heating Platform

FIGURE 2

Max C
46.0 21.8

Compression Plate

Copper

Sheets Insulator

Min

(A) Schematic of the experimental setup for electrical conductivity tests; (B) Schematic of the experimental setup for thermal

tests; (C) Thermal image of the specimens at the beginning of the thermal test.

GnP [wt%] HR Twm [°C] Tr [°C]

0 1.16 + 0.01 180.65 155.56 0.968
2 1.14 + 0.02 180.32 155.66 0.899
4 1.13 + 0.02 178.99 155.95 0.864
6 1.13 + 0.02 180.35 156.17 0.831
8 1.12 + 0.02 180.35 156.18 0.801
10 1.12 + 0.02 180.53 156.18 0.773

issues due to cohesive properties. For all the analyzed pow-
der mixtures, the HR is lower than 1.25, which assures the
free-flowing powder status. In particular, the HR slightly
decreases as the wt% of reinforcement increases, due to the
comparable particle sizes in two directions between the
PA12 powder (Mean particle size 38 pm) and GnPs (Mean
plane particle size 30 pm). The enhanced flowability is
attributable to the small thickness of the GnPs in the third
dimension (14 nm), enabling to infiltrate the gaps left by
the polymeric powder.

The experimental campaign involved a preliminary
investigation to evaluate the sintering window of the var-
ious PA-12/GnP mixtures by DSC to define the optimal
process parameters to fabricate the sample needed for
characterization. In Appendix A are shown the sintering

Pk [g/em’]

TABLE 2
values, Melting (T') and

Hausener ratio (HR
p¢ [g/em’] (HR)

0.968 + 0.019 recrystallization (Tg) temperatures

0.889 + 0.024 evaluated through the analysis of the

0.848 + 0.037 DSC diagrams, and theoretical (p.) and

0.806 + 0.043 experimen.tal (p¢) density calculations,
for the various wt% samples.

0.717 + 0.043

0.664 + 0.054

intervals as the temperature range between the melting
point and the recrystallization of the material powder,
while the melting and recrystallization temperatures are
presented in Table 2. The addition of GnPs can affect the
sintering window due to the shift of the recrystallization
to higher temperatures, which can be attributed to the
nucleating effect of the GnPs that prevents the mobility
of polymer chains.*>*® However, in this case, the reduc-
tion of the sintering window extent is negligible and the
same process parameters will be adopted to fabricate
the sample at different GnPs weight concentrations.
Table 2 also reports the theoretical density calculated
using the rule of mixtures (p!) and the experimental den-
sity (p¢) measured on the samples as the wt% concentra-
tion of GnPs varies. It can be seen that in the case of the
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TABLE 3 Roughness results of the
g Ra [um] Rz [ym]
produced samples with different GnP
reinforcement concentrations (wt%). Concentration [wt%] Avg. St. Dev. Avg. St. Dev.
Avg. is the mean value, while St. Dev. is 0 10.29 0.55 66.87 3.42
the standard deviation.
2 10.64 0.77 69.21 4.73
4 10.67 0.58 68.52 5.08
6 9.90 0.48 61.81 4.24
8 9.95 0.48 64.78 3.85
10 10.84 0.42 69.54 4.82

bare PA-12 sample, the theoretical value is perfectly com-
parable to the experimental one. As a result of the low
density of the reinforcement, the addition of GnPs leads
to a significant reduction in density. It is interesting to
note that the measured density is lower than the theoreti-
cal one in each scenario with GnPs. In particular, it is
observable that the gap between the two values becomes
larger as the amount of GnPs in the compound increases.
This effect can be attributed to the microporosities of the
components, which become more pronounced as
the amount of GnPs increases, due to the thermal inertia
of GnPs, which inhibits the complete sintering of the
polymer powder around the particles.

3.1 | Surface analysis

In this paragraph are illustrated the morphological
results obtained through the roughness measurements,
the SEM acquisition, and the wettability tests as dis-
cussed in the previous section. The main roughness
results are shown in Table 3.

The analysis did not reveal any noticeable difference
between the samples, in fact, considering the mean value
and standard deviation of any GnPs concentration, every
other scenario turns out to be within that band. This result
suggests that the inclusion of the GnPs in the PA-12
matrix did not significantly alter the surface quality of the
specimens, without impacting the SLS production process.

To confirm the previous assumption, a surface analysis
through SEM was performed. In particular, as shown in
Figure 3, the GnPs reinforcement seems to be homoge-
nously included (circled in red) without altering the surface
quality even at the highest wt%. No pores or vacancies can
be observed in the zone near the GnPs platelets on the
external surface, which is printed within a single layer on
the XY plane, suggesting that during the production pro-
cess, there is no interaction between the laser beam and the
reinforcement in the considered direction. This result can
be attributable to the inertness of the GnPs and their capac-
ity to withstand high temperatures.*’

To verify that the GnPs are evenly dispersed all over
the matrix, SEM images of the specimens' cross-sections
were examined. From Figure 4 it is notable that a higher
quantity of well-adhered GnPs reinforcement, highlighted
also by the flakes-like shape which is more and more pre-
sent at the increase of the wt% concentration. However, in
contrast to what was noticed on the surface (XY plane)
since the cross-section was taken on the XZ plane, there is
an increase in porosity and the presence of partial sinteri-
zation on zones adjacent to the GnPs flakes as the rein-
forcement concentration increases. The former increase in
porosity is likely caused by the thermal inertia of the rein-
forcement, in particular, the increase when the GnP flake
is present within a layer, there will be no physical continu-
ity within the PA-12 matrix of the subsequent layer due to
the different chemical affinity between the polymer and
the reinforcement, resulting in a porosity in that intra-
layer zone. The latter partial sinterization presence can be
attributed to the thermal barrier effect, consistent with the
study of Cilento et al.,*® of the GnPs flakes nearby a parti-
cle of PA-12 matrix, which leads to a reduction of the local
temperature, which will be not sufficient for the sinteriza-
tion of the particle. The detail of the GnPs flake both on
the surface and cross-section for the 10 wt% sample is
shown in Figure 5. In particular, in Figure 5A it is possible
to observe the flakes randomly distributed among the sur-
face, while Figure 5B highlights the good adhesion of the
reinforcement branched all over the matrix and the pres-
ence of not sintered PA-12 particles.

The results obtained from the wettability tests are
summarized in Figure 6. In particular, Figure 6A shows
the wetting angle variation during the acquisition time of
60 s. From the plots is noticeable a considerable differ-
ence in the contact angle (the angle of the droplet at the
start of the test), which confirmed the hydrophobic
behavior of the GnPs, since a higher quantity in wt% pre-
sent in the matrix, results in a higher contact angle.
Moreover, can be also observed a reduction in the slope
of the wettability angle over time, indicative of a reduc-
tion in the absorption capacity of the surface. This behav-
ior is attributable to the presence of the GnPs flakes that
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FIGURE 3 External surface SEM images of the different GnPs wt% specimens at x250 MAG, circled in red the presence of the GnPs

reinforcement embedded in the matrix.

FIGURE 4 Cross-section SEM images of the samples with different GnPs wt% at x500 MAG.

isolate the water droplet inhibiting the absorption of
the droplet by the underlying porous surface.* In
Figure 6B,C are shown the values of the contact angle of
the best and worst case (respectively 10 and 0 wt%). The
hydrophobic behavior of the surface is widely improved
by a 43% increase in the contact angle, passing from a
hydrophilic (<90°) to a hydrophobic (>90°) behavior.

3.2 | Electrical and thermal
characterization

The plots of electrical conductivity for the different wt%
samples at various external forces are shown in Figure 7
(electrical conductivity presented in logarithmic scale). The
0-2 wt% plots are missing because the instrumentation used
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FIGURE 5
and x2000 MAG.

(A)

Details of the GnPs presence in the 10 wt% sample: (A) external surface at x250 and x2000 MAG; (B) cross-section at x250
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FIGURE 6 (A) Wetting angle of the samples at different GnPs wt% over acquisition time; (B) Contact angle of the GnPs 10 wt%
specimen after 10 s (25 frames); (C) Contact angle of the GnPs 0 wt% specimen after 10 s (25 frames).

was not able to detect the electrical resistance (the upper
limit is 99.99 MQ) which means that the samples can be
referred to as an electrical insulator. The measured average
and standard deviation values for the electrical tests are
shown in Appendix A to improve the readability of the
results. From the plots, the most striking result to emerge

is that the 4wt% GnPs dispersion is the percolation
threshold for electrical conductivity, with average values
between 3.87-107'° S/cm at the lowest load of 100 N and
1.07-10"° S/cm at the highest load of 1000 N, values for
which the material can be considered weakly conductive.
For the 6 wt% samples, there is an increase of two order of
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FIGURE 7

Plots of electrical conductivity versus applied load of the different wt% samples (0-2 wt% samples are not included since the

electrical conductivity could not be measured with the experimental setup used).

magnitude of the measured electrical conductivity ranging
from a 2.48-1077 to 2.02-10 ° S/cm (comparable with the
electrical conductivity of the silicon, which is a semi-
conductor),so while for the 8-10 wt% of GnPs reinforce-
ment, the electrical conductivity raises up of 2 more order
of magnitudes, varying within the range 1.68-10 °-6.
22:10° S/cm for the 8 wt% sample (comparable with the
electrical conductivity of the Boron®"), and a value from
7.64-10° to 3.93-10* S/cm for the 10 wt% sample (compa-
rable with the Germanium).>* Considering the initial condi-
tion of the PA-12 matrix, there was a total increase of more
than 8 orders of magnitude in the electrical conductivity for
the highest wt% sample. It is also notable that, the electrical
conductivity increases linearly as the applied load increases
for all kinds of realized composites, with remarkable R?
values (between 0.961 and 0.983). This result is attributable
to the decrease in the porosity of the specimens as the
applied load increases, leading to the particles of GNPs
moving closer together within the polymer matrix, conse-
quently increasing the electrical conductivity.>

The results from the thermal tests are shown in
Figure 8, in particular, in Figure 8A are plotted the aver-
age recorded temperatures in the whole area of the differ-
ent wt% samples during the test (700 s). It can be noticed
that the temperature at the end of the test for all the spec-
imens stabilizes in an interval between 90 and 95 °C,
and, in particular, samples with higher GnPs concentra-
tion within the matrix showed a higher steady state tem-
perature. It is also worth noting that every percentage of
GnPs reinforcement has a higher increase in temperature
over time compared to the 0 wt% sample. Since the initial

temperature is the same for all the specimens, it is possi-
ble to evaluate the temperature transient behavior for
comparison. The sooner a sample reaches a certain tem-
perature (90 °C) the better will be the thermal perfor-
mance. This analysis is presented in Figure 8B, in which
was considered the time to reach 90 °C of the different
GnPs wt% concentration. Compared to the unreinforced
specimen, all others show an improvement in the ther-
mal performance starting from 9.5% for the 2 wt%, while
for the 10 wt% sample the temperature of 90 °C is
reached 33.6% sooner. This result is attributable to the
presence of the dispersed GnPs through the matrix,
which widely improves the thermal performance, due to
its high thermal conductivity.>*

3.3 | Tribological characterization

In this section are discussed the results of the tribological
analysis of the specimens. In Figure 9A are plotted the
coefficient of friction versus the sliding distance of
the counterpart. It is worth noting that the coefficient of
friction of the 0 wt% sample is always higher than all the
GnPs reinforced ones and steading around a value after a
sliding distance of 100 m of 0.52, which is typical for the
PA-12.>° The reinforced specimens show coefficient of
friction values after a sliding distance of 100 m, which is
steady, and starting from 0.43 for the 2 wt% to 0.38 for
the 10 wt%, with a percentage improvement higher than
the 25% compared to the unreinforced counterpart. More-
over, it is worth underlining that as the GnPs wt%
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FIGURE 8 (A) Plots of recorded temperature during the test duration; (B) Time to reach 90 °C of the different wt% produced samples.

increases, it decreases the sliding distance at which the
coefficient of friction value starts to be steady going from a
100 m sliding distance for the PA-12 pure sample to a
15 m sliding distance for the 10 wt% sample. Those results
are attributable to the auto-lubricating properties of the
GnPs, which are widely reported in the literature,”*>*
which reduces the overall friction coefficient. The more
the quantity of reinforcement, the more the GnPs particles
dispersed in the matrix are able to reduce the friction dur-
ing the test. It is worth noting that the GnPs are well
adhered within the matrix because there is no increment
of the friction coefficient in the final part of the test. After
the acquisition of the 3D maps of the wear traces (shown

in Figure 9C), the wear volumes were calculated for each
produced sample and shown in Figure 9B. The results con-
firm the previous ones since the wear volume decreases
exponentially with the increasing of GnPs particles dis-
persed within the matrix. The variation starts from a value
of 3.87-10” pm® obtained from the PA-12 pure sample to
0.73-10" um’ obtained for the 10 wt%, which means a per-
centage reduction of 81%. This decrease is undoubtedly
caused by the lower tangential force acting on the sample
during the test due to the lubricated contact and the noto-
riously excellent mechanical specific properties of the
GnPs particles. The decrease of the wear volume is almost
steady for the highest wt% concentrations (6-8-10 wt%),
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FIGURE 9
(C) Wear traces of the different GnPs wt% samples.

attributable to a balance between the increment of the
porosities highlighted through the SEM analysis, and the
increase in the presence of the GnPs particles on the exter-
nal surface.

4 | CONCLUSIONS

Industrial-grade GnPs were successfully dispersed in
polyamide (PA-12) powder through mechanical mixing
and used for manufacturing components through Selec-
tive Laser Sintering (SLS) process.

It was possible to produce samples with all the wt%
concentration used (2-4-6-8-10 wt%) without any signifi-
cant geometrical alteration during the 3D printing pro-
cess. It was also observed from the DSC analysis that the
presence of the GnPs in the polymeric powder does not
alter the recrystallization temperature, allowing the cor-
rect printing of the samples.

The study demonstrated that increasing GnP rein-
forcement within the PA-12 matrix did not signifi-
cantly affect surface roughness parameters (Ra, Rz) but
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(A) Coefficient of Friction plots and (B) Calculated wear volumes of the samples with different GnPs wt% concentration;

influenced other properties. SEM analysis revealed
good adhesion and uniform dispersion of GnPs, along-
side increased porosity and unsintered particles due to
thermal inertia of the reinforcement. Wettability tests
indicated a shift from hydrophilic to hydrophobic
behavior, with up to a 43% increase in contact angle.
Electrical conductivity was improved by over 8 orders
of magnitude (from 10~ to 10* S/cm), attributed to
the conductive nature of GnPs and reduced porosity
under load. Thermal performance enhanced signifi-
cantly, with up to a 33.6% reduction in time to reach
90 °C. Tribological tests showed a reduction in the
coefficient of friction (up to 25%) and wear volumes
(up to 81%), attributed to the self-lubricating and high
specific properties of the GnPs.

These findings could be of interest to researchers and
engineers exploring the potential of GnP-reinforced
PA-12 for industrial applications such as enclosures of
electronic devices that require protection against electro-
magnetic interference (EMI) or the realization of 3D
printed PA-12 assemblies of gears, bushings, and bearings
with reduced coefficient of friction and wear.
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