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Abstract: Innovative nanostructured materials offer the possibility of enhancing the tribological
performance of traditional materials like graphite and molybdenum disulfide (MoS2). In this study,
the scratch resistance of two different copper powders, dendritic and spherical, and their composites
with traditional MoS2, nanometric MoS2, and graphene nanoplatelets was investigated. Metal powder
metallurgy was employed to produce composite materials with 5 wt% and 10 wt% of each solid
lubricant. A ball milling step was employed to grind and mix the matrix copper powder with the
lubricants. The use of a cold press combined with the sintering in inert atmosphere at 550 ◦C limited
the oxidation of the copper and the degradation of the solid lubricants. The so-produced materials
were characterized through a variety of techniques such as micro-indentation hardness, electrical
resistivity, contact angle wettability, X-ray diffraction, Raman scattering, and scanning electron
microscopy. Moreover, micro-scratch tests were performed on both pure copper and composite
materials for comparing the apparent scratch hardness and friction coefficients. The scratches were
examined with confocal laser scanning microscopy (CLSM), to identify the evolution of the damage
mechanisms during the formation of the groove. The results highlighted the important difference
between the dendritic and spherical copper powders and demonstrated a way to improve wear
behavior thanks to the use of nanometric powders as solid lubricants.

Keywords: copper powder; scratch resistance; solid lubricant; nanometric lubricant; composite
material; metal powder metallurgy; wear; tribology

1. Introduction

Metal matrix composites (MMCs) have attracted great interest thanks to the possibility
of satisfying a wide range of requirements by tuning their properties accordingly. MMCs
find typically employment in the aerospace, industry, and automotive sectors [1].

The selection of the constituent materials, i.e., the matrix and the second phase,
strongly determines the properties of the composite. In particular, suitable second phases
can be added in order to impart lubricating properties to the final MMCs, making them
interesting candidates for tribological applications.

Liquid lubricants or grease are typically employed to limit friction and wear. However,
it is not possible to use them in specific working conditions, such as vacuum, extreme
pressure or temperature, in the presence of an electrical current, or in peculiar systems
where the continuous supply or collection of the liquid lubricant are not possible, thus
limiting their application. In this context, solid lubricants, e.g., graphite and transition
metal dichalcogenides (TMDs), offer a valid alternative, thanks to their layered structure,
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which confers lubricity [2,3]. The most commonly employed solid lubricants in industry
are graphite and the transition metal dichalcogenides (TMD), particularly molybdenum
disulfide (MoS2) [4,5].

In graphite, graphitic layers are largely held together by van der Waals forces, which
are much weaker than the planar primary bonding forces. Due to their characteristic
lamellar structure, humidity or organic vapors are required to facilitate the shearing of the
planes, especially when used at low pressures or at high altitude, providing low cohesion.
Thus, graphite develops its most favorable lubricating properties in presence of moisture [6].
Metal-impregnated carbon and graphite dispersed in metals have found widespread use in
applications at high temperatures [7].

MoS2 is characterized by easy movement of the lamellae thanks to the weak Van
der Waals forces between the sulfur layers, and it does not require a humid environment
to contribute to decreased friction coefficient and wear [3,4,6,8]. As sliding progresses,
the motion of the layers is limited, and the lubrication is supplied by the film made of
anisotropic, plate-shaped crystallites at the interface between the sliding surfaces [5].

The advance in manipulating 2D-structured materials led to their employment for
tribological applications. Nanostructured materials exhibit peculiar properties, improving
performances and satisfying more challenging requirements [9–11]. One of the most
remarkable nanostructured materials developed in the last decades is graphene. It was
employed for a wide range of innovative applications thanks to its outstanding mechanical,
electrical, and physical properties. In this context, the use of graphene nanoplatelets can
lead to significant improvements in the lubrication field, thanks to their chemical inertness
and stability [12–14]. Sarno et al. [15] investigated the different effects and mechanisms
arising in tribological systems due to the presence of nano-additives.

Even if the lubricating effect of the TMD is well-known and widely investigated,
the nanostructures of this class of materials began to generate interest because of their
theoretically estimated superlubricity behavior, reaching friction coefficient values close to
zero in particular conditions [11,16] and granting chemical inertia [17].

According to Evans and Senior [18], self-lubricating materials are defined as those
which are not damaged when sliding against another surface with no need for an additional
lubricant, maintaining efficient velocity and load. These materials have a wide application,
especially under extreme conditions such as chemical, aerospace, turbine, cryogenic or
radiation environments.

The above-mentioned materials can be considered as a second phase in the production
of self-lubricating MMCs. This class of materials is employed in electrical applications
to transfer electric power or signals between stationary and rotating components, as in
sliding electrical contacts. In this framework, solid lubricants are preferred to liquids, due
to temperature and pressure variations of the operative environment and the possibility
of being employed as conductive components [5]. For this reason, the extension of the
component lifetimes and the increase of their electrical power transmission efficiency have
been under the spotlight in recent decades due to the environmental- and energy-related
global concerns [19]. Several combinations of matrixes and solid lubricants were considered,
and their performances typically depend on the microstructure of the raw materials [20,21],
the concentration of second phases [22–24], the applied load to maintain the contact of the
mating surfaces [25], their reciprocal speed [26], the electrical current density [27–29], and
their temperature and environmental conditions [30–32]. The use of MMCs involves the
three mechanisms typically involved in the wear of sliding electrical components, ensuring
high wear resistance and the required electrical conductivity [33].

Copper and silver are the most widely investigated materials for conductive self-
lubricating MMCs thanks to their outstanding electrical conductivity, allowing the em-
ployment of the semiconductive phases. In recent decades, copper and carbonaceous
phases have attracted scientific research, thanks to their combination of electrical con-
ductivity, mechanical and tribological properties. The different allotropes of carbon that
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have been employed in addition to the copper matrix include graphite [34,35], fibers [36],
graphene [37–39], and carbon nanotubes [40].

It was shown that by increasing the percentage of this second phase, the friction
coefficient decreases while the hardness usually increases up to a threshold value, after
which a reduction is observed. This phenomenon is caused by the distribution of the second
phase at the grain boundary of copper, affecting the cohesion of the metal matrix. Indeed,
the grain boundary presents the preferential path for cracks formation, and an excess
of graphene overly weakens this crucial region. The increased percentage of graphene
leads to a lower friction coefficient in wear tests thanks to the abundance of lubricant,
matched by deeper wear tracks [39]. The ploughing abrasive wear, delamination and
adhesion observed in pure copper samples are mitigated in the composite materials. The
uniformly distributed second phase leads to the formation of a more homogeneous tribo-
film, improving tribological performance and decreasing the wear rate.

As previously stated, molybdenum disulfide is one of the most used traditional
solid lubricants. Its employment with copper was investigated for electrical contacts,
brushes, and friction materials characterized by electrical and thermal conductivity [41].
Parallel to carbon-based second phases, a strengthening effect and a decrease of the wear
loss are reported for the increased mass fraction of MoS2. The presence of the solid
lubricant decreases the friction coefficient thanks to the formation of a lubricating tribo-film
between the sliding surfaces [42,43]. The thicker, homogeneous tribo-film protects the
composite surface, providing better tribological performances, preventing severe abrasion
and delamination, and supporting wear resistance [44,45].

An interesting work by Vincent et al. [46] evaluated porosity and its effect on ther-
mal conductivity of samples produced via powder metallurgy employing dendritic and
spherical copper powders. Even if the investigation was limited to thermal conductivity,
one attractive result was that the porosity value and distribution were influenced by the
morphology of the sintering powder. Inspired by this work, the difference in tribological be-
havior between dendritic and spherical copper powders was analyzed in the present study.

The abovementioned studies highlight the research interest in copper MMCs. This
study aims to analyze the different behaviors of two selected copper powders, dendritic and
spherical, and three solid lubricants, namely micrometric molybdenum disulfide (MoS2),
nanometric molybdenum disulfide (MoS2n) and graphene nanoplatelets (GNP). The com-
posite materials produced via powder metallurgy contained 5 wt% and 10 wt% of the
second phase. Thermogravimetric analysis was used to determine a suitable temperature
for sintering, avoiding thermal degradation of the materials. The possible formation of
unwanted phases was investigated by X-ray diffractometry and Raman scattering. As
previously stated, copper self-lubricating MMCs can be employed in sliding electrical
contacts, hence a first evaluation of electrical resistivity was performed. Sliding electrical
contacts employed in aircraft operate at high altitude, and ice formation should be avoided.
For this reason, wettability was examined via the static optical contact angle. The tribo-
logical behavior of the produced composites was analyzed by scratch test, a methodology
typically used on thin films, that can be also employed in wear mechanism evaluation
and tribological analysis. Thanks to the different outputs provided by this technique, such
as friction coefficient, penetration depth, scratch hardness, it is a useful tool to model the
tribological and wear performance of the materials by acting as an elementary process for
abrasion wear [47–50].

2. Materials and Methods
2.1. Materials

Two different commercial copper powders (CP) were considered as conductive ma-
trixes for the composite materials. The first, supplied by Makin Metal Powder (Rochdale,
UK), was a dendritic powder whose apparent density was 0.7 g cm−3, and whose chemical
composition is Cu > 99.6% with a low percentage (0.07%) of O2. According to the producer,
99.1% of the particles had a dimension lower than 45 µm, 0.8% had a dimension between
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45 µm and 53 µm, and 0.1% had a dimension between 53 µm and 75 µm [51]. The second
CP, supplied by Pometon(Maerne, Italy), was a water-atomized spherical powder. The
apparent density was attested to be 2.64 g cm−3 and the chemical composition was attested
to be 99.94% (Cu) and 0.06% (O2). A total of 79% of the particles had a dimension lower than
45 µm [52]. The morphologies of the CP, namely dendritic and spherical, were considered.

Molybdenum disulfide (MoS2) is one of the traditional solid lubricants used in com-
posite materials. The Sigma-Aldrich(Corporation, St. Louis, MO, USA) powder particles
had a layered structure with a size of 6 µm and a density of 5.06 g cm−3 at 25 ◦C. A
nanometric powder of the same solid lubricant (MoS2), with characteristic nominal dimen-
sions of 90 nm and a purity of 99%, was also investigated in this study. Finally, graphene
nanoplatelets (GNP) used as solid lubricant, supplied by Sigma-Aldrich, were supplied in
powder form with an apparent bulk density of 0.04 g cm−3, a composition of 95 wt% C,
less than 2 wt% O2, and lateral dimensions declared as higher than 25 µm.

2.2. Production Method

The powders were dried in a muffle oven at 120 ◦C for 5 h. The combinations of the
two CP powders and the three lubricants, with 5 wt% and 10 wt%, were ball-milled with
zirconia (ZrO2) spheres (powder to ZrO2 ratio was 1:10 wt/wt). The grinding and mixing
procedure lasted 2 h. The pure copper samples were simply ball milled for 2 h. The milled
powders were cold pressed under 2 tons pf load (corresponding to 75 MPa) for 5 min in a
rigid cylindrical die using a manual press, Atlas Manual Hydraulic Press 15T by Specac Ltd.
(Orpington, UK). The result was a tablet with a diameter of 13 mm and a thickness around
3 mm. The tablets were sintered in a slightly reducing atmosphere of 95 vol% nitrogen and
5 vol% hydrogen at 550 ◦C for 1 h with a heating ramp of 15 ◦C/min and air-cooled at the
end of the process. The main steps of the process are sketched in Figure 1 and the produced
samples are listed in Table 1.
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Figure 1. Scheme of the production of the composite material samples.

Table 1. List of the produced composite materials, made of dendritic (D-) and spherical (S-) copper pow-
der matrices and different weight concentrations of MoS2, nanometric MoS2, and graphene nanoplatelets.

Sample ID Matrix CP MoS2 Content
(wt%)

MoS2n Content
(wt%)

GNP Content
(wt%)

D-Cu Dendritic - - -
D-5MoS2 Dendritic 5 - -
D-10MoS2 Dendritic 10 - -
D-5MoS2n Dendritic - 5 -
D-10MoS2n Dendritic - 10 -
D-5GNP Dendritic - - 5
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Table 1. Cont.

Sample ID Matrix CP MoS2 Content
(wt%)

MoS2n Content
(wt%)

GNP Content
(wt%)

D-10GNP Dendritic - - 10
S-Cu Spherical - - -
S-5MoS2 Spherical 5 - -
S-10MoS2 Spherical 10 - -
S-5MoS2n Spherical - 5 -
S-10MoS2n Spherical - 10 -
S-5GNP Spherical - - 5
S-10GNP Spherical - - 10

2.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out in a nitrogen inert atmosphere
using an Extras 6000 TG/DTA 6300 by Seiko (Chiba, Japan), from room temperature to
1000 ◦C. Concerning the GNP and the MoS2 powders, TGA was intended to determine the
suitable temperature for the sintering step, avoiding the degradation of the lubricant in the
copper matrix.

2.4. X-ray Diffractometry

XRD analysis allowed us to investigate the presence of reaction products or impurities
originating from the high temperature during the sintering process. The analysis was
conducted using a D8 Advance diffractometer by Bruker Corporation (Billerica, MA, USA),
in the 10–80◦ 2θ range, with a step of 0.02◦ and a time per step of 1 s. Copper Kα (1.54 Å)
was used as radiation source.

2.5. Raman Spectroscopy

To obtain the Raman scattering spectra, a solid-state neodymium-yttrium aluminum
garnet laser, with a wavelength of 532 nm at a power of 5 mW, was employed. Three 20
s acquisitions were performed using a Jobin Yvon LabRAM HR800 Raman spectrometer
by HORIBA (Kyoto, Japan), with a 50× objective-microscope model BX41 (Olympus
Corporation, Tokyo, Japan).

2.6. Static Optical Contact Angle

The static optical contact angle (OCA) measurement determined the hydrophilic or
hydrophobic behavior of the material. Hydrophilic behavior is undesired when the working
temperature is close to 0 ◦C because it enhances ice formation, which can compromise
the performance of the tribological system. An OCA 20 by Dataphysics Instruments
GmbH (Filderstadt, Germany), with a CDD video-camera analyzed and measured the
angle between the prepared tablets and a 3 µL drop of water, released using a 500 µL
Hamilton syringe. The analysis was carried out 10 times to define the average contact angle
of each sample.

2.7. Electrical Resistivity

As mentioned in the introduction section, copper self-lubricating MMCs are employed
in electrical contacts. One essential property of the selected composite is the low electrical
resistivity. In this study, the measurement of electrical resistance was performed using a
resistance meter, model 2841 by BK Precision (YorbaLinda, CA, USA). After measuring
electrical resistance (R), the electrical resistivity (ρ) was calculated by the second Ohm’s
law, Equation (1) [53], where the geometry parameters were the width (w) and thickness (t)
of the sample and the distance (d) between the clamps of the resistance meter, as sketched
in Figure 2.

ρ = R·w·t
d

(1)
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Figure 2. Scheme of electrical resistivity measurement, where the clamp distance (d) and the sample
width (w) are highlighted.

2.8. Micro-Indentation Hardness

The micro-indentation hardness test was performed by the Microhardness Tester
FM700, by TECMET 2000 S.R.L., Corsico, Italy, using a Vickers indenter with an angle of
136◦, a load of 0.5 kgf and a dwell time of 15 s. The resulting Vickers hardness (HV) for
each produced composite was calculated as the average of three measurements evaluated
T three different points along the diameter of the tablet.

2.9. Micro-Scratch Test

The micro-scratch test characterizes the capability of a material to endure scratches
and abrasion caused by sharp objects. The measurement was performed on the tablets
using a Microscratch tester by CSM Instruments SA(Needham, MS, USA): employing a
Rockwell-type diamond indenter, having a 200 µm tip radius and 120◦ apex angle. The
indenter slides with a constant velocity of 30 mm min−1 across the sample surface, creating
a scratch along a straight path of 3 mm under a constant normal force (Fn) of 12 N. Ten
parallel scratches, 1 mm apart from each other, were performed on each sample. The
outputs of the measurements were the tangential force (Ft) and the penetration depth (Pd),
both evaluated with a frequency of 30 Hz. The apparent friction coefficient (µ) and the
micro-scratch hardness (Hs) were calculated according to Equation (2) and Equation (3),
respectively, where Ac is the projected load bearing area, which is considered, for metallic
materials, as half of the projected area of the penetrated indenter for a given depth [48]. A
scheme of the test parameters is reported in Figure 3.

µ =
Ft
Fn

(2)

Hs =
Fn
Ac

(3)

2.10. Confocal Laser Scanning Microscopy

The scratches were analyzed using laser confocal scanning microscope VK-X200 from
Keyence Corporation(Osaka, Japan). Compressed air was employed to clean the samples’
surfaces before the analysis. The acquired images were analyzed using VK Analyzer
Plus software, measuring the groove area (Ag) and the ridge area (Ar), as sketched in
Figure 4. This led to the calculation of three parameters: first, the wear volume Wv, by
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Equation (4) along the scratch length (l) of 3 mm; second, the specific wear rate (W),
calculated by Equation (5), where the applied normal load (Fn) is equal to 12 N; and third,
the dimensionless wear coefficient (k), from the Archard model [54], which relates wear
volume (Wv), scratch hardness (Hs), sliding distance, and normal force via Equation (6).

Wv =
(
Ag − Ar

)
∗l (4)

W =
Wv

l ∗ Fn
(5)

k =
Wv ∗ Hs

l ∗ Fn
(6)
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2.11. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed with an accelerating voltage
of 5.00 kV using a Zeiss EVO 50 EP/LZ4 Pentafet to acquire images of the scratches at
800×, 5000×, and 10,000×. The magnified images allowed us to better understand the
wear mechanisms of the composites.

3. Results and Discussion
3.1. Thermogravimetric Analysis

The results of the thermogravimetric analysis are reported in Figure 5. The copper
powders showed a low weight loss (<1%) in the tested temperature range (25–900 ◦C).
The MoS2 and MoS2n curves exhibited similar behaviors, reaching a weight loss of 96%
and 97%, respectively. However, a higher weight loss was observed in the micrometric
powder (green curve) from room temperature up to 150 ◦C, probably due to higher moisture
content that evaporated in this temperature range. The GNP curve (orange) showed a
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soft and constant weight loss until 600 ◦C, then a strong decrease in weight was observed,
probably due to thermal degradation of graphene layers. The results of the analysis were
considered to select a proper sintering temperature, namely 550 ◦C, to avoid solid lubricant
degradation and possible chemical reaction with the copper matrix, while at the same time
guaranteeing the sintering process.
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3.2. X-ray Diffractometry

One of the techniques employed to detect the presence of unwanted phases that may
arise from the sintering process or oxidation of the powders is X-ray diffractometry. Figure 6
reports the diffractograms of the set of (A) dendritic samples and (B) spherical samples.
No phases but the copper, molybdenum disulfide and carbon were detected, giving a sign
that no crystalline phases were produced during sintering. In both the charts the typical
reflections of copper at 43◦ (1 1 1), 51◦ (2 0 0) and 74◦ (2 2 0) [55], are visible for all the
samples. The MoS2 main reflection at 14◦ corresponds to the (0 0 2) planes [56,57] and any
relevant difference was detected between the micrometric and the nanometric powder. The
samples with graphene nanoplatelets as the solid lubricant show the characteristic carbon
reflection at 26◦ (0 0 2) [58], which is more intense in spherical-copper samples, probably
due to a different interaction between the spherical copper matrix and the solid lubricant
with respect to the dendritic copper that led to a lower deterioration of the layers during
the ball-milling process.
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3.3. Raman Scattering

Raman spectroscopy was performed on the samples of pure copper and composites
with 10 wt% of solid lubricants. This analysis aims to investigate the composition and to as-
sess the possible development of unwanted species undetected by the X-ray diffractometry.
In Figure 7, the Raman spectra of the two copper sets are shown.
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Figure 7. Experimental Raman spectra of (A) the dendritic and spherical copper samples; (B) the
dendritic and spherical composite samples containing MoS2 and MoS2 as a reference; (C) the dendritic
and spherical composite samples containing nanometric MoS2 and MoS2 nanometric powder as a
reference; (D) the dendritic and spherical composite samples containing graphene nanoplatelets and
graphene nanoplatelet powder as a reference.

Experimental Raman spectra of Cu samples, Figure 7A—for both dendritic and spher-
ical copper—show a spectral pattern compatible with the presence of oxidized copper.
Indeed, Raman peaks assigned to copper oxides can be detected (e.g., Cu2O appears at 151,
218, 649 cm−1) [59,60].

In the MoS2 and MoS2 nanometric powder Raman spectra, Figure 7B, C, the in-plane
E2g at 382 cm−1 and the out-of-plane A1g at 407 cm−1 Raman modes of MoS2 exhibited the
strongest signals of the whole spectra, as expected [61–63]. The E1g mode near 286 cm−1 was
also present [62]. The number and wavenumbers of the observed peaks confirmed that we
were in presence of MoS2-containing copper samples and indicated that the MoS2 structure
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was almost unperturbed when blended with copper, Figure 7B, C. The possible presence
of copper sulphates was also investigated. The strongest Raman peaks of these species
are expected around 470 cm−1 for CuS [64,65], 512 cm−1 for CuS2 [66] and 1100 cm−1 for
CuSO4 [67]. The absence of these peaks in all MoS2-containing spectra suggests that copper
sulphates did not develop during processing.

The samples containing graphene nanoplatelets, namely D-10GNP and S-10GNP, as
shown in Figure 7D, show spectral features of graphene, such as (i) the sharp G mode
at 1580 cm−1, (ii) the 2D mode at 2700 cm−1 and (iii) the D band at 1350 cm−1 [68]. The
origin of the D-band is ascribed to structural disorder or the presence of defects. As its
intensity is strongly affected by the contribution of graphene edges, this band is a marker
of confinement and hence of the presence of small graphene domains. For this reason,
its presence in all the Raman spectra confirms that the graphene platelets have average
sizes in the nanometer scale [68,69]. Adding layers of graphene in stacks modifies the
shape of the 2D band. It evolves from symmetric features typical of single layer graphene
to an asymmetric shape with a sharp maximum on the higher energy side, approaching
the typical feature of graphite [70]. The fact that the 2D band detected in all samples has
an asymmetric shape indicates that, as expected, nanoplatelets were formed by several
graphene layers.

3.4. Static Optical Contact Angle

A static optical contact angle measurement was performed to evaluate the wettability
of the composites; the results are reported in Figure 8. Pure copper samples exhibited
hydrophobic behavior, with contact angles of 132◦ (dendritic copper) and 136◦ (spherical
copper). The introduction of the second phases determined the slight decrease of the
contact angle. Similar behaviors were observed in the dendritic and spherical sets: the
sample with 5 wt% of MoS2 was more hydrophobic than the sample with 10 wt% of MoS2.
The difference due to higher solid lubricant concentration was not visible to the same extent
for MoS2n and GNP. Samples S-5GNP and S-10GNP exhibited the lowest contact angles,
99◦ and 96◦, respectively, showing a different interaction between the spherical copper
matrix and the lubricant with respect to the dendritic samples. All the samples exhibited
hydrophobic behavior, with contact angles ranging from 96◦ (S-10GNP) to 136◦ (S-Cu).
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3.5. Electrical Resistivity

The electrical resistivity of copper tablets was higher than what has been reported
in literature for pure copper [71], probably due to intrinsic porosity in the samples. The
electrical resistivity values of the dendritic and the spherical samples reported in Figure 9
were in the same order of magnitude (130–290 nΩ m), except for the GNP samples, whose
values ranged from 51 nΩ m (D-5GNP) to 96 nΩ m (S-5GNP). The spherical structure
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seemed to hinder good compaction, leading to a higher void presence and higher electrical
resistivity compared to the same samples of the dendritic set. The presence of dendritic
branches may support the creation of a metallic network that presents a preferential path
for electrical conduction. The increasing percentage of solid lubricant determined, in the
MoS2 and MoS2n samples, an increase of the electrical resistivity due to the higher amount
of the semiconductive phase. The electrical conductivity of the graphene nanoplatelets
and their ease of exfoliation with respect to molybdenum disulfide layers led to a general
decrease of the electrical resistivity.
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3.6. Micro-Indentation Hardness

The micro-indentation hardness results are reported in Figure 10. Considering the
dendritic set, Figure 10A, the introduction of both micrometric and nanometric MoS2 deter-
mines a slight reduction of indentation hardness with respect to pure copper. Increasing
the percentage of solid lubricant, a slight strengthening effect was measured, as previously
reported in the literature [43,72,73]. As stated in the introduction, a strengthening effect can
be found due to the presence of graphene in the copper matrix [37–39]. The indentation
hardness values obtained in this study were largely below those measured for the MoS2
composites, probably due to an excess of solid lubricant. The comparison between the
dendritic and the spherical copper powder sets highlights a general decrease of values
in the spherical copper-based samples. One viable explanation is bad compaction during
the production process that hindered the creation of a strong and homogeneous metallic
network, leading to higher porosity within the material.

3.7. Micro-Scratch Test

Ten scratches were performed on each sample; the mean values measured for the
apparent friction coefficient and calculated for the scratch hardness are reported in Figure 11.
The micro-scratch hardness values were in good agreement with the Vickers hardness
values, as previously observed on other materials [48]. The presence of the solid lubricant
affected both the friction coefficient, with a decrease from 0.75 in the pure copper samples to
values that ranged from 0.35 to 0.50 for the dendritic copper composites and more constant
values around 0.40 for the spherical copper composites. The best mix to decrease wear
combines a low coefficient of friction and a high scratch hardness, a goal obtained by the
D-10MoS2 and D-10MoS2n samples on one hand, and by S-10MoS2n and S-5MoS2n on
the other.
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Figure 11. Apparent coefficient of friction vs. scratch hardness results from micro-scratch tests of
(A) dendritic copper-based samples and (B) spherical copper-based samples.

The most remarkable variations in the dendritic set were due to the increase of the
MoS2 and MoS2n percentages, which led to a decreased friction coefficient and an increased
scratch hardness. In the spherical set, the same trend was observed, due to the presence of
the nanometric MoS2, while the effect of the lubricant percentage was limited.

The GNP composites exhibited a strong decrease of scratch hardness due to the soft
agglomerates of the solid lubricant, but this did not correspond to a sensible decrease of
the friction coefficient with respect to the micrometric and nanometric MoS2.

The ratio of the penetration depth (Pd) and the calculated radius (a) of the contact area
was defined as the degree of penetration (Dp) [74,75]. It gives information on both wear
severity and wear mechanisms. The Dp is plotted as a function of distance in Figure 12.
The GNP composites with 5 wt% and 10 wt%, underwent more severe wear with respect to
the other materials, which showed an initial increase of the Dp due to the penetration of the
tip and a subsequent slight decrease, reaching a plateau with a constant value of Dp. Even
if it is not possible to identify a priori the wear mechanism by considering only the Dp, it is
a first indication that the wear mechanism is relatively unchanged during the scratch test.
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3.8. Confocal Laser Scanning Microscopy

The images from the confocal laser scanning microscopy (CLSM), reported in Figure 13,
highlight the surface topography within the scratches for both the pure dendritic and
spherical coppers. Considering the dendritic copper-based set (on the left of Figure 13):
micro-cracks were found within the scratches in the pure copper sample, caused by the
tensile loading stress behind the indenter; the defects were less pronounced in the D-
5MoS2 sample and disappeared by increasing the solid lubricant percentage, providing
evidence of the lubricating effect and the protection of the surface. The presence of GNP
determined an irregular track, as was noted from examination of the two bottom images,
and a high formation of flake-like debris that grew with the percentage of the solid lubricant.
Considering the scratches in the spherical copper-based samples on the right in Figure 13,
all the samples were characterized by a higher flake-like debris formation and the presence
of more prominent ridges with respect to the corresponding samples of the dendritic set.
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The sliding wear plastically deformed all the tested materials. Greater adhesion
and tensile loading can be identified as the main phenomena responsible for micro-crack
formation in pure copper samples. A transition to an abrasive mechanism is compatible
with the parallel grooves located in the scratching of the composite materials. Considering
the dendritic set, samples containing MoS2 and MoS2n were characterized by the absence
of debris and the wedging and ploughing mode is the plausible abrasive mechanism. The
samples containing GNP were surrounded by flake-like debris generated during flaking
abrasion. The spherical set of composites was generally characterized by the presence
of flake-like debris, the number and dimension of which increases for a higher content
of micrometric and nanometric MoS2. A more severe flaking abrasive mechanism was
observed for samples containing GNP: flakes were more abundant, and the scratch track
was deeper with respect to the other composites.

The groove and ridge cross section areas, as defined in Section 2.10, were evaluated
by CLSM. Specific wear rate (W), and the wear coefficient (k) were calculated and plotted
in Figure 14. These parameters provide additional information to understand the wear
severity and the mechanisms that occurred. The calculated wear coefficients ranged from
0.1 to 0.4. According to the classification of the wear condition as a function of wear
coefficient [76,77], they correspond to unlubricated sliding and wear by hard particles,
i.e., the severe wear and abrasive mechanisms. The specific wear rate range, 0.5–1.9,
confirmed the abrasive mechanism [78]. A combination of abrasive and adhesive wear
can be supposed for the lowest values of specific wear rate detected, i.e., in the pure
copper samples.
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3.9. Scanning Electron Microscopy

Scanning electron microscopy images were acquired with different magnifications
for pure copper and the composites with 10 wt% of solid lubricant. Three magnifications
were considered: 800×, Figures 15 and 16 for the D- and S-samples, respectively, 5000×,
Figure 17, and 10,000×, Figures 18 and 19 for the D- and S-samples, respectively.
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The pure dendritic copper sample was characterized by the presence of micro-cracks,
less debris and distinctive delamination layers visible at high magnification, Figure 18A.

The presence of micrometric MoS2 decreased the dimensions of the microcracks and
led to the formation of a smoother and homogeneous surface. The nanometric composite
accentuates the beneficial effects due to the lubricant presence: the micro-cracks become
smaller and less frequent on the worn surface and the grooves due to abrasion are shallower.
Big flake-like debris and a pile-up of materials distinguished the GNP scratches.

Delamination was present in all the spherical copper samples, probably due to a low
cohesion between the matrix and the second phases. The weak interface between the
constituent materials presents a preferential region for crack generation and propagation,
determining the detachment of portions of materials. The S-MoS2 sample exhibited micro-
cracks, similar to those found in the pure copper, and high production of flaky debris.
This sample had a high specific wear rate, Figure 14, meaning that a large amount of
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material was removed with respect to samples that had a comparable degree of penetration,
Figure 12. This was probably due to the low cohesion of the spherical copper powder and
the micrometric MoS2, that may also have hindered the correct sintering of the metallic
powder, decreasing the resistance of the material to scratches. These features were limited
in the nanometric MoS2 composite. As in the dendritic set, GNP was characterized by a
significant displacement of material and debris formation along the scratch.

As indicated by the previous analysis, the abrasive wear mechanism was confirmed
at different extents by the presence of the marked grooves parallel to the sliding direction
visible in all the samples. The introduction of micrometric and nanometric MoS2 reduced
the dimensions and limit the generation of the micro-cracks. Graphene nanoplatelets led to
a higher production of flake-like debris with respect to the other composites. Surfaces of
the spherical copper were more damaged than the dendritic copper samples due to a more
severe delamination mechanism.

4. Conclusions

Two different copper powders, one dendritic and one spherical, were employed to
produce, via metal powder metallurgy, six different composite materials with micrometric
MoS2 powder, nanometric MoS2 powder, and graphene nanoplatelets in 5 wt% and 10 wt%
concentrations. The materials were characterized by X-ray diffractometry and Raman
spectroscopy, wettability, electrical resistivity and scratch tests; additional analyses were
performed by confocal laser scanning microscopy and scanning electron microscopy. A
summary of the main findings is hereby reported:

• No other phases were found, except for the constituent materials and copper oxide,
whose presence was expected.

• All the tested samples exhibited hydrophobic behavior, with contact angles that ranged
from 96◦ to 136◦.

• The micrometric and nanometric MoS2 composites recorded an increase of the elec-
trical resistivity with respect to pure copper samples, proportional to the lubricant
percentage. The composites with GNP showed a decreased electrical resistivity, reach-
ing values between 51 and 96 nΩ m.

• The introduction of the solid lubricants decreased the friction coefficient from 0.8 in
the pure copper samples to values around 0.4.

• The GNP composites were characterized by the lowest scratch hardness.
• The pure copper, MoS2 and MoS2n composites exhibited similar main wear mecha-

nisms, except for the GNP samples, which also experienced more severe wear.
• The presence of GNP slightly decreased the wear coefficient with respect to pure

copper, while it substantially increased the specific wear rate. The MoS2 and MoS2n
composites exhibited similar and lower values of the wear coefficient, with a slightly
worse behavior reported for the S-10MoS2 sample.

• To different extents, all the analyzed materials experienced an abrasive wear mech-
anism. The presence of the solid lubricants led to limited presence of grooves and
microcracks and the formation of flake-like debris.

• The above-mentioned trends were found irrespective of the specific copper set (den-
dritic or spherical), although the spherical copper powder performed worse. This was
probably due to the interaction with the solid lubricants that covered the spherical
copper and may have hindered an efficient sintering process.

This study showed that the dendritic copper-based composites performed better than
the corresponding spherical copper-based samples. GNP represents a valid alternative if
electrical conductivity is required, but the tribological performance is below that of the other
composites. Further analyses on the optimal concentration and production method are
required. The addition of micrometric and nanometric MoS2, even if the specific wear rate
and wear coefficients are slightly higher than those of pure copper samples, contributed to
a decrease to the friction coefficient and the surface damage. The nanocomposites hindered
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the formation of microcracks on the surface and thus represent a good trade-off considering
their different properties.
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