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Abstract: In this preliminary study, a set of self-lubricating copper-tungsten disulfide (Cu-WSy)
composites are prepared via a powder metallurgy route to analyze the effects of solid lubricant
concentration on their tribological, electrical and wettability properties. An extensive characterization
is performed to preliminarily assess the potential application of these metal matrix composites
(MMCs) in sliding electrical contacts working under harsh conditions. The experimental results
reveal the beneficial effect of WS> on the wear behavior of the prepared composites, as demonstrated
by friction coefficient, specific wear rate and wear coefficients results. A second phase content in the

10-15 wt % range appears to guarantee the better combination of the desired features.

Keywords: metal matrix composites, solid lubricants, wear mechanism, tribology
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1. Introduction

Sliding electrical contacts are electrical junctions between moving (e.g. rotating) and stationary
conductors through which power and signals can flow, allowing the continuity of a circuit [1,2].
Regardless of sliding electrical contact configuration, all the assemblies consist of brushes that slip
on rings [3]. They are critical components in a wide range of devices, such as commutators for direct
current (DC) electromotors in the automotive field, alternators, slip rings for aerospace applications,
wind turbines, chip-mounters, micro-computers, and household appliances [4,5].

Copper alloys are used for large current rings, whereas silver and its alloys are preferred when
resistance to the formation of hard oxides and to sulfur-containing species is required. Gold or gold
alloys are also considered, as they are inert in the atmospheric environment, and they have low
catalytic activity in reactions involving organic gases. Generally, silver or gold plating are used as a
cladding or electroplate on a bulk metal to reduce the overall cost [5].

Carbon graphite has been historically the primary material employed for brushes, since its
crystallographic structure presents weak interlayer van der Waals bonds that encourage lamellar
sliding. Electrographite is its direct improvement, in as much it is enriched by a suitable amount of
hard particles which assure an acceptable combination between mechanical strength and electrical
conductivity. A similar result can be obtained via the combination with metals or resins to give the
so-called metal graphite and resin-bonded graphite [4,6]. However, some criticalities arise with
carbon-based brushes: the inherently high electrical resistivity, which may implicate an undesired
generation of waste heat; the scarce system compliance and lifetime of monolithic members; the
limited ability to work with rough rotor surfaces, especially at high speed; the one order of magnitude
higher-drop in electrical potential of graphite-metal sliding contacts with respect to metal-metal ones
[6]. Furthermore, the overall performance is intimately tied to the friction and wear phenomena
occurring at the interface between the two components in contact.

Precious metals, their alloys and copper-based reinforced composites have recently demonstrated

worth of further insights for low-voltage and small-current applications due to stable low contact
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resistance and a reduced wear rate [5]. This last feature becomes imperative for those particular cases
in which the reliability of electrical contact must be preserved over long periods, thus limiting
required maintenance operations. To further improve the minimization of the wear rate, suitable
lubrication is of paramount importance, hence it represents the technical challenge currently
addressed by most of the research in this field [7-13].

Solid lubricants technology is rapidly advancing, as they typically own a layered molecular structure
of tightly bound atoms that bestows aptitude for sliding and a noteworthy shear resistance. Therefore,
they are capable to promote the formation of a thin tribo-film between contacting materials. In such
way, optimal low friction and low wear conditions in the specific operating environment can be
achieved [8,14]. Graphite, graphene nanoplatelets (GNP) and transition metal dichalcogenides
(TMDs) are the primary exponents of these fascinating materials. Two-phase metal matrix composites
(MMCs) are typically obtained by coupling a compatible metal matrix, such as copper, with one of
these lamellar solids. Conversely, multi-phase MMCs are fabricated by employing two or more
different solid lubricants. In both cases, the final array of properties of an MMC blends those of the
single phases while conserving their chemical and physical individuality [15]. One of the most
widespread techniques to produce MMCs is powder metallurgy (PM), which includes a milling step
aimed to favor the solid lubricant’s dispersion in the matrix and to discourage unwanted particles’
agglomeration.

TMDs are receiving considerable attention as dispersed solid lubricants in MMCs. They are a family
of compounds characterized by a general formula TX>, in which T is a transition metal, such as
molybdenum (Mo) or tungsten (W), and X represents a chalcogen, such as sulfur (S), selenium (Se)
or tellurium (Te). Amongst them, molybdenum disulfide (MoS;) and tungsten disulfide (WS>) are
drawing attention to improve the tribological features of particle-reinforced copper-based composites
[12,16-20]. They exhibit the typical anisotropic quasi two-dimensional crystal structure of TMDs,
comprised of a middle plane of metal atoms sandwiched between two layers of chalcogen atoms

[21,22]. The intra-layer bonds are covalent, whereas the inter-layer ones, between adjacent
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sandwiches, are relatively weak van der Waals forces. Therefore, layers can easily slide when
shearing forces are applied. The subsequent generation of a tribo-film on the worn surface, through
the continuous supply of lubricant, strongly reduces friction coefficient and wear rate. WS, is
characterized by chemical inertness, stability to oxidation, powder dispersibility, long service life and
an excellent thermal resistance, demonstrated by a 730 °C-maximum operating temperature which is
about 100°C higher than that of MoS>[16,23]. However, it is more expensive and therefore slightly
less competitive than MoS> in conventional applications, hence its employment is preferred in those
sectors (e.g., aerospace) in which sliding electrical contacts operate under more extreme conditions.

A consistent research effort is being produced to deeply understand and improve the characteristics
of copper-tungsten disulfide (Cu-WS,) composites, with authors focalizing on various parameters of
a typical preparation procedure. Zhao et al. [18] have characterized copper-tungsten disulfide
composites with variable WS> content from 5 to 30 vol %, prepared via spark plasma sintering (SPS),
observing a strong improvement in tribological properties. The sample containing 25 vol % of WS>
has provided the best performance, with a friction coefficient of 0.16 and specific wear rate of 5 x
10 mm? N°! m™!. The authors have verified the formation of an overall 60 nm-thick tribo-film
composed of a thinner oxygen-rich layer and a thicker copper sulfide (Cu,S)-rich one, whose presence
has directly affected the friction and wear behavior by impeding the contact between studied
composites and the counter ball during wear tests. Xiao et al. [19] have fabricated Cu-WS; composites
with a solid lubricant’s content up to 40 vol % by hot-pressing (HP). Tribological testing has allowed
to monitor a remarkable reduction of the friction coefficient and to identify delamination wear as the
main wear mechanism, with WS> layers arranging horizontally in the tribo-film. Differently from
other species such as graphite [24], Cu-WS, composites have revealed a higher Vickers hardness (up
to 94.7 HV) than pure copper (75.4 HV). The annealing of the samples at different temperatures from
700 to 950 °C has demonstrated a progressive accentuation of the decomposition of tungsten disulfide
and the undesired formation of Cu,S, with a consequent worsening of the tribological performance.

Zhou et al. [20] have analyzed the effect of different grain sizes (0.6 and 5.0 um) of WS> particles on
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the mechanical and tribological properties of Cu-WS; composites with a 20 wt %-content of
lubricating phase. Although both composites have showed self-lubricating properties, the specimen
containing larger particles has displayed higher bending strength (292.2 vs 181.5 MPa), higher Brinell
hardness (96.3 vs 91.1 HB), lower friction coefficient (0.158 vs 0.172) and lower wear rate (2.99 X
107 vs 6.13 x 10> mm? N m™). This discrepancy has been attributed to the higher bonding strength
that larger WS> particles exhibit with the copper matrix, able to favor the generation and a longer
propagation of microcracks at the phase interface. Moreover, the smoother transfer film, the lower
concentration of tribo-oxidation products and the smaller wear debris observed in the composite with
5.0 pum WS; particles have contributed to its better wear resistance. Wang et al. [25] have reported
differences in friction coefficient of Cu-WS, composites depending on the production method:
samples manufactured through HP have displayed an approximately halved friction coefficient (=
0.20) with respect to samples prepared via SPS (= 0.40). Concerning hardness and wear rate, values
of the same order have been measured regardless of the exploited technique.

This work aspires to investigate the effects of a fundamental aspect of the preparation of self-
lubricating Cu-WS; tablets, namely the tungsten disulfide content. From previous studies of our
research group [26], promising results have been obtained for a 10 wt %-concentration of WSo.
Therefore, a set of composites with progressive 5 wt %-increase in WS, content ranging from 5 wt
% to 30 wt % has been prepared while considering the one connoted by a 10 wt % of WS, as a
benchmark. PM has been selected as the most reliable production technique, as it combines
affordability and process simplicity. Firstly, the ball milling step has been executed to properly mix,
grind, and homogenize the metal matrix and the solid lubricant powders. Then, powder compaction
and tableting has been achieved via cold pressing. In the end, solid-state pressureless sintering has
allowed to further increase density and mechanical strength of the manufactured tablets.
Granulometry tests, X-ray diffraction (XRD), Raman scattering spectroscopy, static optical contact
angle (OCA) measurements, scanning electron microscopy (SEM), density evaluation, electrical

properties assessment, indentation hardness tests, micro-scratch tests, wear tests and laser confocal
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scanning microscopy have been exploited to perform an extensive characterization of the prepared
samples, in order to ascertain their electrical, mechanical and tribological properties and,
consequently, their potential practicability in sliding electrical contacts working under harsh

conditions.

2. Materials and Methods

2.1 Materials

Electrolytic copper powders with a nominal particle size of 45 um and a purity level > 99.5% have
been acquired from Makin Metal Powders (Rochdale, UK). Sigma-Aldrich Corporation (St. Louis,
MO, USA) has supplied tungsten disulfide micro-powders with a mean particle size of 2 um and a
purity of 99%. Following the procedure employed by the authors in [26], copper powders have been
initially dried in oven (G-2100, F.LLI GALLI G. & P. snc, Fizzonasco di Pieve Emanuele, Italy) at
120 °C for 6 hours to remove residual moisture. A 1-level roller ball milling system (MGS S.r.1.,
Olginate, Italy) has been employed to mix and grind Cu and WS, powders, in order to obtain a
homogenous dispersion with smaller particles. Powders have been placed inside a polyethylene (PE)
container together with 15-mm diameter zirconia (ZrO2) spheres with a 10-to-1 ball-to-powder weight
ratio (BPR). The container has been in turn inserted in a cylindrical porcelain alumina jar, which has
been rolled on the mill at 60 rpm for 2 hours. Powder compaction and tableting has been achieved
via cold-pressing: 1.5 g of milled powder have been introduced into a steel tablet-making device and
subjected to a 6 tons-pressure for five minutes by means of hydraulic press (Specac Ltd., Orpington,
UK), to obtain tablets characterized by a 13 mm-diameter and a thickness of roughly 2 mm.
Afterwards, samples have undergone a sintering process in a EHA Model 1200 °C E-Range Tube
Furnace (Carbolite Gero Ltd., Hope, UK) equipped with a thermocouple, to check the temperature of
the 6 cm-diameter ceramic inner tube, and two Brooks® Instrument (Hatfield, PA, USA) Smart Mass
Flow Controller 5850, to guarantee a flow atmosphere of 95% N> and 5% H». A heating rate of 8 °C

min~! has been applied up to a temperature of 550 °C, which has been maintained for one hour. This
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specific value has been chosen to avoid thermal decomposition of the lubricating agent, determined
from previous thermogravimetric analyses on pure WS> powders. In the end, the treated tablets have
been naturally cooled down in the process environment.

This procedure has been employed to fabricate a set of five self-lubricating composites with WS>
concentrations of 5, 15, 20, 25 and 30 wt %. The main difference with the experimental setup
proposed by Xiao et al. [19] is the sintering process. The use of cold pressing, the heating rate (8 °C
min!), the operative temperature (550 °C), and the holding time (1 hour) selected in this work aim
to limit the formation of unwanted CusS traces, which have been detected in [19], because they are
detrimental from a tribological point of view and worsen the overall electrical conductivity.

The samples have been denominated Cu-XWS», in which X represents the lubricant mass content.
Furthermore, the promising composite with 10 wt %-content of WS,, previously investigated by our
research group [26], has been considered as a benchmark and subjected to additional analyses to
perform a complete comparison and to better understand the effects of the second phase content on
the features of copper matrix composites. Due to the commonality of the raw materials batches and
to be consistent with the above-mentioned designation, the benchmark sample has been recognized

as Cu-10WS,.

2.2 Granulometry tests

Granulometry tests have been performed on the milled powders by means of the Particle Size
Analyzer CILAS 1180 L (CILAS SA, Orléans, France), which combines laser diffraction with a CCD
camera to measure both fine and coarse particles in the dimensional range between 0.04 and 2500

pm.

2.3 X-ray diffraction analysis
X-ray diffraction (XRD) has been executed via the diffractometer D8 Advance (Bruker Corporation,
Billerica, MA, USA), by employing a Cu-Ka filament to emit X-rays with a wavelength of 1.54 A.

A scanning rate of 0.02° per second in the angular interval of 5-90°, an applied tension of 40 kV, an
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applied current of 40 mA and a count time of one second have been set up as operating parameters

during the experiments.

2.4 Raman scattering spectroscopy

Raman scattering spectra have been acquired by means of the Jobin Yvon LabRAM HR800 Raman
spectrometer (HORIBA, Kyoto, Japan), which was paired with a 50x objective-microscope model
BX41 (Olympus Corporation, Tokyo, Japan). Three acquisitions of 20 seconds have been performed
for each sample by applying an excitation via a solid-state neodymium-yttrium aluminum garnet

(Nd:YAG) laser (wavelength of 532 nm) at a power of 5 mW.

2.5 Optical contact angle measurements
The OCA 15plus (DataPhysics Instruments GmbH, Filderstadt, Germany), equipped with a 752x582
pixels-resolution CCD video-camera and supported by the image processing software SCA 20, has

allowed to obtain static optical contact angle (OCA) measurements via a sessile drop method.

2.6 Scanning electron microscopy
The scanning electron microscope model Stereoscan 360 (Cambridge Scientific Instrument
Company, London, UK) has been used to acquire micrographs of the samples polished cross-sections

at 500x, 1000x and 3000x magnifications.

2.7 Density measurements

Density assessments have required the hydrostatic balance YDKO1 (Sartorius AG, Gottingen,
Germany), which enables to weigh the specimens both in air and in water. Absolute density of the
composites, identified as d (g cm™), has been derived exploiting the Archimedes’ principle through

Eq. (1):

o)
5:M (D
m, —my

in which m, is the mass in air (g), d, is the density of water (g cm™) and m,, is the mass of the solid

completely immersed in the solvent (g). Considering the tabulated density of pure copper (dc.), equal
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to 8.96 g cm [27], the corresponding relative densities (J,, %) of the samples have been determined

via Eq. (2):

5
8, = 100— )

2.8 Electrical properties evaluation

The DC resistance-meter model 2841 (B&K Precision Corporation, Yorba Linda, CA, USA) has been
employed to measure the electrical resistance of each composite. The dependence of the resistance
values to the geometrical conformation of the analyzed samples has been minimized by exploiting
two different measurement configurations. In the first one, test clips have been positioned at the edges
of the tablet to maximize their distance. The second one has been attained by shifting one clip towards
the central section of the specimen. The corresponding electrical resistivity p (2 m) has been
calculated through the second Ohm’s law, reported in Eq. (3), in which R is the surveyed resistance
(Q), ¢ is the thickness of the tablet (m), / is the length (m) of the chord perpendicular to the inter-

distance, d (m), and placed halfway between the two clips (Fig. 1):

p=—7 3)

The geometrical parameters have been manually assessed with a Fujisan digital micrometer.

2.9 Scratch tests

Micro-scratch tests have been executed by means of the Micro-Scratch Tester MST 06-0222 provided
by CSM Instruments (now Anton Paar TriTec SA, Corcelles, Switzerland). It is equipped with a
conical Rockwell stainless steel indenter with a 200 um-radius spherical diamond tip. A pre-scan and
a post-scan stage have been performed with the lowest normal load (0.03 N) to correct measurements
for the initial profile and measure the residual depth (Rs, mm) after scratching. The actual scratch
stage has been completed by applying a normal load (£,) of 15 N at a constant speed of 20 mm min-
! for a length /; equal to 3 mm, in order to record the evolution of the tangential force (F;, N) and the

penetration depth (P4, mm). A minimum of six suitable measurements for each specimen has been
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extrapolated from a set of ten scratches by discarding outliers. The parameters directly acquired from
the experiments have enabled the evaluation of the apparent friction coefficient (#C), scratch
hardness (H;, MPa) and degree of penetration (DoP) values. Friction coefficient has been computed

through Eq. (4) as the ratio between the actual tangential force and the actual normal force:
FC=— 4)

FC values so calculated combine two different components, originated by adhesion and deformation
[28]; the deformation component can be quite high in scratch tests, therefore /'C values cannot be
directly compared with friction measurements performed during wear testing (in which tribo-film
formation can also play a dominant role).

Eq. (5) has allowed to estimate scratch hardness as the ratio between the actual normal force and the

normally projected contact area (Ac, mm?) [29,30]:

D>|="PJ

[

H, = (5)

Considering the indenter’s spherical tip, contact area has been assumed as that of a half circle [31],
whose contact radius has been evaluated from the geometry of the tip and the penetration depth.
Degree of penetration has been evaluated from Eq. 6 as the ratio between P, and half of the contact
area width (w, mm) [32]:

P
DoP =-2 (6)

S

2.10 Indentation hardness tests

Indentation hardness tests have been carried out through the Microhardness Tester FM700 (TECMET
2000 S.r.1., Corsico, Italy). The instrument includes a square based pyramid as indenter, characterized
by an angle (6) of 136° between the opposite faces of the pyramid. Eq. (7) has permitted the
computation of Vickers hardness (HV) values as average of three different estimations recorded on

the upper, central, and lower sections of the tablet:
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HV = Iz

(7

where P is the applied load of 4.9 N and L is the average length (mm) of the diagonal left by the

indenter on the samples.

2.11 Wear tests

Wear tests have been conducted by means of a CSM Instruments (now Anton Paar TriTec SA,
Corcelles, Switzerland) tribometer, implementing a ball-on-disk configuration. Both the sample and
the counter ball have been preliminarily blown using compressed air before each experiment. A
100Cr6 steel counter ball, connoted by a diameter of 6 mm and a hardness of 831+21 HV, has been
selected to effectively probe the softer copper-based composites without excessively deform or crash
them. The normal load (F,) acting on the ball has been fixed to 5 N. The tablets have been fastened
to a mandrel and rotated at a controlled tangential speed of 0.18 m s~!. The counter ball has been
locked in its ball holder to avoid rolling. In such way, it has slid on the composites producing a circular
trail of radius 4.5 mm by covering an overall sliding distance (d) of 500 m. Each test has been made
under room temperature and atmosphere. The evolution of the prepared materials’ friction coefficient
has been considered as a function of the covered distance to infer their wear behavior. The optical
microscope (OM) Eclipse LV150NL (Nikon, Tokyo, Japan) has allowed to examine the wear tracks
of the composites at 25x and 50x magnifications. The scanning electron microscope EVO 50 EP/LZ4
PENTAFET (Carl Zeiss S.p.A., Oberkochen, Germany) has been chosen to check the wear tracks’
surfaces at 400x and 1500x magnifications and the corresponding cross-sections at 20000x

magnification.

2.12 Laser confocal scanning microscopy
The laser confocal scanning microscope model VK-X200 by Keyence Corporation, Osaka, Japan,
has been employed to inspect the specimens subjected to scratch and wear tests, with the aim of

appraising their morphology and wear deformation. Prior to the analysis, the samples have been
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blown using compressed air to remove coarse debris on their surfaces. The software VK Analyzer
Plus has permitted the geometrical inspection of the wear groove and the residual material plastically
displaced at the edges in ten different sections of the track for each specimen, as reported in Fig. 2.
Volumetric wear losses 7, (mm?) have been computed via Eq. (8) [32,33]:

W, = (Ag — Agm) | (8)
In both equations, 4, and 44w correspond to the cross-sectional area (mm?) of the groove and of the
total displaced material, respectively. The length / (mm) represents scratch length /s for the scratches,
and the track circumference C for the wear tracks. The corresponding specific wear rates W (mm? N~
"' m1) have been obtained (Eq. (9)) dividing the volumetric losses by the specific sliding distance sq
(m), 0.003 m for scratch tests and 500 m for wear tests, and the applied normal load F,, (N), 15 N for

scratch tests and 5 N for wear tests:

W = 9
s, F, )
The Archard model can be expressed through Eq. (10) [34,35]:
o X (10)
sq¢F, H

in which H (MPa) is scratch hardness (Hy) and Vickers hardness (HV)) for scratch and wear tests,
respectively, whereas k is the dimensionless wear coefficient. This parameter has been directly
estimated for both scratch tests and wear tests combining Eq. (8), Eq. (9), and Eq. (10) to obtain Eq.
(11):

(A — Agm) LH

k =
San

(11)

3. Results and discussion

3.1 Granulometry
Fig. 3 displays the particle size distributions of Cu and Cu-XWS; powders. The distribution curves

are rather broad, indicating an effective mixing and grinding process [36,37]. Nonetheless, some
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differences can be spotted with the increase of lubricant amount. Similar to Cu-10WS;, Cu-5WS; and
Cu-15WS; show narrower monomodal distributions with a modal diameter of 15, 16 and 17 pm
respectively. Cu-20WS; reports a slight increase in distribution width and a tendency towards
bimodality, as the main contributions are represented by particles with diameters of 8 and 17 um.
This behavior is further emphasized in Cu-25WS; and Cu-30WS,, whose distributions are
characterized by an increase of particles with similar dimension in the 8—17 um range. The increase
of solid lubricant content determines a more pronounced presence of particles with diameter close to

0.6 um.

3.2 X-ray diffraction

X-ray diffraction (XRD) patterns of the Cu-XWS> composites are highlighted in Fig. 4. Typical
copper peaks can be noticed at about 43° for Cu (1 1 1), at about 51° for Cu (2 0 0) and at about 74°
for Cu (22 0)[18,20,38—41]. Tungsten disulfide peaks are detected at about 14° for WS, (0 0 2), near
to 29° for WS, (0 0 4), at 44° for WS, (0 0 6) and at about 59° for WS, (0 0 8) [11,18,20,42,43]. The
intensity of the lubricant peaks coherently raises with the increase of its concentration (Fig. 4a) and,
parallel, the opposite behavior is observed for Cu peaks (Fig. 4b). No evidence of the presence of
undesired phases are found, irrespective of the employed WS, concentration. Specifically, CuxS
characteristic peaks in the 20-35° range [44,45] are not detected, thus ruling out a reaction between
copper and tungsten disulfide. Moreover, decomposition issues can also be ignored: tungsten typical
peaks at 40° for W (1 1 0), at 57° for W (2 0 0), and at 72° for W (2 1 1) [46] are not observed.
Therefore, the discussed preparation method can be considered sufficiently reliable in terms of

chemical stability of the composites.

3.3 Raman scattering
All the spectra obtained by Raman scattering spectroscopy, reported in Fig. 5, exhibit four main
contributions. The peaks around 295 and 350 cm™! [47] and the peak at 520 cm™! [48] refer to the two

different oxidation states of copper, CuO and Cu,O respectively. The presence of the second phase
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WS, is represented by the mode at 420 cm™' [49], while its peak at 350 cm™ overlaps with that of
CuO. The lack of unwanted phases, already assumed from XRD patterns, is confirmed by the absence

of peaks around 265 and 474 cm™, attributed to CuS [50], and 472 ¢cm™, related to CuzS [51].

3.4 Optical contact angle

Fig. 6 portrays average static contact angle measurements taken on the Cu-XWS; samples, along with
the corresponding standard deviations extrapolated from ten measurements. The prepared composites
reveal a hydrophobic behavior, with values ranging from 108.4+6.8° of Cu-25WS> to 131.0+1.8° of
Cu-5WS;. This last value slightly exceeds the one measured for benchmark Cu-10WS; (130.0+3.4°
[26]). Except for Cu-25WS,, the combination of the copper matrix with tungsten disulfide tends to
accentuate the hydrophobicity of pure copper, previously investigated by our research group (OCA
of 116.4£5.2° [26]). However, the addition of larger contents of tungsten disulfide reduces the static
contact angle values, hence slightly enhancing the wettability of the composites, likely due to the
hydrophilicity of virgin WS, powders [42]. Considering a potential application of copper-based
composites in sliding electrical contacts working under harsh conditions, i.e., in the aerospace sector,
a high hydrophobicity would be required to strongly limit the undesired formation of a uniform ice

layer at high altitudes and low temperatures.

3.5 Scanning electron microscopy

SEM images of the cross-sections of Cu-10WS; and Cu-30WS; are collected in Fig. 7, to better
appreciate the change in microstructure due to different WS> concentrations. The brighter phase has
been identified as the solid lubricant, whereas the grey one is the copper matrix [25]. WS> particles
appear homogeneously distributed within benchmark Cu-10WS; (Fig. 7(al)-7(a3)) and mainly
arranged in elongated clusters, whose presence visibly grows with the increase of the lubricating
agent content up to 30 wt %. This homogeneity could be favorable from the standpoint of the
composites frictional behavior, as reported in other works [52]. The black spots dispersed in the

microstructure could be attributed to micro-porosity [18] resulting from a very localized interfacial
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debonding. It can be noticed that the spots are larger and more visible in Cu-30WS; (Fig. 7(bl)-
7(b3)), for which a lower relative density is expected. The absence of darker zones associated to CuzS
at the WS»-Cu interface confirms a correct execution of the proposed preparation method, which
permits to avoid undesired chemical reactions and, consequently, the preservation of the existing

phases in the final composites as already deduced from X-ray diffraction outcomes (Section 3.2).

3.6 Density

Absolute and relative densities of the Cu-XWS> composites are summarized in Table 1, whereas
relative density values are highlighted as a function of WS, content in Fig. 8. In general, the addition
of WS> causes a slight decrease in density of the produced tablets, as expected considering the lower
density of the second phase (7.50 g cm™ [53]) with respect to pure copper (7.69+0.01 g cm™).
Consequently, it can be hypothesized that low lubricant concentrations could contribute to optimize
the compaction of the final product. Nevertheless, a residual internal porosity can be recognized for
all the composites, as observed from SEM images; it could be likely related to the lower efficiency
in filling voids of the cold-pressing and hot-sintering process with respect to those relying on hot-

pressing, and probably to the short employed sintering time.

Table 1. Absolute and relative densities of reference Cu and of the Cu-XWS; composites.

Sample Absolute c}3ensity Relative density
(gem?) (%)

Cu 7.69 £ 0.01 85.83 +£0.09
Cu-5WS» 7.67 £0.01 85.62+0.11
Cu-10WS; 7.65+0.01 85.36 £ 0.09
Cu-15WS; 7.54 +0.02 84.19 +£0.20
Cu-20WS; 7.53 £0.01 83.99 +0.07
Cu-25WS; 7.43 +£0.01 82.94+0.10
Cu-30WS; 7.36 +£0.01 82.17+0.09

3.7 Electrical resistivity
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Electrical resistivity measurements of the Cu-XWS; samples are reported in Fig. 9. The resistivity of
the fabricated composites increases with raising lubricant content and composite porosity. This
behavior is coherent considering the semiconducting nature of layered TMDs such as tungsten
disulfide [54]. However, a too high resistivity is undesired in sliding electrical contacts, due to the
necessity of ensuring an adequate current flow. Sensitivity to WS; content is contained up to 20 wt
%, as the samples demonstrate acceptable resistivity values in the same order of magnitude of the
employed copper powder [26], which is slightly less conductive than pure copper (1.68 x 10® Q m
[55]) due to porosity and oxidation issues [56]. On the contrary, a steep growth towards one order of
magnitude higher-values is observed for Cu-25WS; and Cu-30WS;. In these cases, the synergistic
effect of second phase and increased micro-porosity, attested by density decrease, negatively

influences the electrical properties of the composites up to unsatisfactory values.

3.8 Scratch test results

Fig. 10 depicts apparent friction coefficient and scratch hardness results of the Cu-XWS; samples.
The lubricating ability of tungsten disulfide can be recognized by the slight reduction in friction
coefficient exhibited by Cu-5WS; with respect to pure copper powder [26]. A slightly decreasing
trend of FC with increasing lubricant concentration is apparent up to 20 wt % content, although for
higher values of concentration data scatter becomes significantly larger, probably due to material
inhomogeneity at the small scale probed by micro-scratch testing (Fig. 10(a)). This outcome suggests
that no particular advantages in terms of FC are obtained by including high quantities of tungsten
disulfide.

Scratch hardness performances of the Cu-XWS, composites are shown in Fig. 10(b). Composites up
to 15 wt % WS, content are harder than pure copper. Conversely, larger concentrations of solid
lubricant (20, 25, 30 wt %) result in a softer material, thanks to an evident decreasing trend of hardness

with increasing content of WS,.
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Overall, scratch data would suggest that benchmark Cu-10WS> has the highest potential of
succeeding when used for sliding electrical contacts working under harsh conditions: it combines a
reduction of friction common to all composites with the highest hardness value.

Another desired feature offered by composites containing up to 10 wt % of WS, is shown by optical
microscopy images of the scratch grooves, Fig. 11: there is no significant flake-like debris formation
close to the groove borders, something which is very important in view of applications like slip rings.
The results of the evaluated degree of penetration are reported in Fig. 12. The DoP values range from
0.275 to 0.350. Pure copper displays an average DoP value of 0.317, which can be associated to a
micro-ploughing wear mechanism. The presence of low contents of solid lubricant (5 wt %, 10 wt %,
and 15 wt %) decreases the DoP with respect to pure copper, suggesting a better resistance to micro-
scratch. Conversely, higher concentrations of WSz (20 wt %, 25 wt %, and 30 wt %) lead to an
increase of DoP up to 0.350 for Cu-30WS;, due to a possible initial transition to a flaking-type wear.
The change in scratch wear behavior could also be observed by the gradual thickening of the ridges
while increasing the WS; content.

SEM images at different magnifications of the scratch groove on Cu-5WS; are shown in Fig. 13. It is
possible to notice several agglomerates of solid lubricant as white spots spread out on the groove (Fig.
13(b)-13(c)); hence an effective lubricating action could not be presumed. Specific wear rates and
wear coefficients, depicted in Fig. 14, have been calculated from the experimental data as explained
in Section 2.11. The values trend is consistent with the computed scratch hardness: Cu-10WS,, which
has the highest hardness outcome (787.9+66.6 MPa), coherently exhibits the lowest specific wear rate
(1.144+0.08 x 107! mm?3 N! m™!) and wear coefficient (8.96+0.64 x 102). Therefore, it can be stated
that a single pass test emphasizes the softening effect caused by higher solid lubricant concentrations
on the composites, since the formation of a uniform tribo-film is not expected. Wear coefficient values
corroborate this observation, as their order of magnitude (10-'-1072) falls within the “wear by hard
particles” regime [57] independently from the WS, content, even though friction coefficients are

acceptable.
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3.9 Vickers hardness

Vickers hardness values of the Cu-XWS; composites, reported in Fig. 15, appear to be consistent
with scratch hardness ones, as expected [30,31]. The effect of tungsten disulfide on the Vickers
hardness of copper-based composites differs from the one of other solid lubricants, such as
carbonaceous phases. Previous studies have proved an overall hardness decrease provoked by the
combination of a copper matrix with species of soft nature, such as graphite [24,25,58,59].
Conversely, WSz contributes to the strengthening of the manufactured samples with respect to virgin
copper. As it can be noticed, a second phase concentration of 5 wt % leads to a Vickers hardness
value of 67.5£1.2 HV. A further growth up to 71.0+1.5 HV is witnessed for benchmark Cu-10WS,,
then hardness performances tend to progressively decrease. This behavior is coherent with results
obtained by other authors [18,60]. It could be explained by an active synergy between Cu and WS»,
promoted by the anisotropic lamellar structure of the TMD and its strong interfacial bonding with the
metal matrix [19]. This beneficial effect is exerted up to a threshold amount of lubricant, which can
be identified at about 10 wt %. Once this boundary is overcome, the probable redistribution of
anisotropic WS, particles, visible in the particle size curves (Fig. 3) as a frequency peak at low
diameter size (= 0.6 um), hinders the beneficial impact on the mechanical properties of the composite,

in particular on both scratch and indentation hardness.

3.10 Wear test results

Fig. 16 illustrates the friction coefficients of Cu-XWS; samples as a function of the sliding distance
covered during wear tests (500 m). The wear curves have been automatically smoothed during the
raw data processing. The lubricating effect of tungsten disulfide is evident (Fig. 16(a)), as friction
coefficients values of the Cu-XWS, composites are significantly lower than 0.75, previously
measured by our research group for a pure electrolytic copper tablet [26] and consistent with literature
values [19]. The initial higher outcomes, exhibited by all the analyzed composites, could be attributed

to a running stage in which the coupling between the counter ball and the Cu-XWS; disks is not
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completed. Once the actual mating is accomplished after a sliding distance that ranges from 150 m
to 350 m depending on the sample, a reduction of friction coefficient is found and then a steady state
condition is maintained, with values general ranging from 0.12 and 0.18 (Fig. 16(b)). As already
discussed, the lubricating capability of WS, derives from its sandwich-like crystal structure. The
dangling and unsaturated bonds on the edge of the WS, basal planes are prone to react with
environmental moisture and oxygen to form tribo-oxidation products, such as WOs3. As a
consequence, the developed lubricating layers can easily slide under shearing stress. The movement
of the ball on the tablets surface is therefore facilitated [16,18].

Fig. 17 shows OM images of the wear tracks generated on the Cu-XWS;, composites. At first sight,
the increasing content of second phase can be appreciated through the color change of the contact
area from a typical copper shade (Cu-5WS;) to a light blue-gray one (Cu-30WS;). A non-
homogeneous appearance of all wear scars can be witnessed, similarly to benchmark Cu-10WS; [26].
It could be attributed to a chipping phenomenon caused by the sliding of the counter ball. Therefore,
an abrasive wear mechanism can be hypothesized at low WS, content, while at high WS,
concentration the lubricant particles exposed on the surface within the tribo-film may more easily
stick to the counter surface, leading to an additional adhesive mechanism. This effect possibly
explains the pits visible in the samples with 25 and 30 wt % of WS,. The track width of Cu-5WS;
(1309 pum) is comparable to benchmark Cu-10WS; (1255 pum) due to the higher hardness of these
samples, which provokes a broadening of the counter ball contact zone. Cu-20WS; and Cu-30WS;
display wear tracks with variable width (716-1032 pm and 726-876 um, respectively). A possible
explanation is the formation of surface asperities that act as third bodies, progressively hindering the
correct contact between the surfaces and outrunning them. The effective action of the solid lubricant
can be observed at higher content, with Cu-25WS; exhibiting the smoother wear track with almost
constant width (843 um). The homogeneity of the contact area could be associated to the ability of

WS> in promoting an adhesive wear mechanism, preventing a direct metal-to-metal interaction via
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the formation of a lubricating film that becomes more continuous at increased WS> concentration
[19].

SEM morphologies of post-wear test samples are gathered in Fig. 18. Specifically, Cu-5WS, Cu-
I15WSz, and Cu-30WS; have been chosen as lower limit, middle value, and upper limit of second
phase concentration to facilitate the comprehension of how WS, impacts on the wear behavior of the
composites. The uneven aspect of Cu-5WS» wear track (Fig. 18(al)) is confirmed by SEM analysis.
Micro-cracks and pile-up of removed material are the consequence of an initial abrasive mechanism,
due to which the sample is plastically deformed, and flaky particles are formed. The progressive
increase of second phase content guarantees a transition towards the formation of a more uniform
tribo-layer, by which WS> exerts its lubricating effect, limiting the contact between the composites
and the counterpart [18,25]. An adhesive mechanism may be therefore triggered and WS, fosters the
detachment of small portions of the tribo-film. Nevertheless, the adhesive contribution on the overall
wear mechanism does not overcome the abrasive contribution even at high WS» concentration. SEM
image at 400x of Cu-30WS; (Fig. 18(cl)) is obtained in a narrowing zone, hence track borders are
visible. As previously asserted, this periodic width variation may be related to the presence of third
bodies that complicate the sliding of the counter ball and cause the generation of rough-edged debris
(Fig. 18(c2)). Cross-sectional images perpendicular to the sliding direction allow to observe the
profile of stratified material due to detachment and reattachment forced by the counter ball movement.
Fig. 19 shows specific wear rates and wear coefficients of the Cu-XWS> composites, computed as
described in Section 2.11 by exploiting the profiles as exemplified in Fig. 2. The results demonstrate
a decrease in wear coefficient (Fig. 19(b)) as the second phase content increases. The best
performance is exhibited by the samples with the highest WS> concentration (Cu-25WS; and Cu-
30WS>), but it can be underlined that Cu-15WS; has a wear coefficient within the same order of
magnitude (107°) of the above-mentioned composites despite a lower second phase content. The
calculated wear coefficients fall within the “mild” wear regime, which is typically characterized by

the formation of fine debris [57] as confirmed by OM and SEM analyses. The discrepancy between
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these values and the ones extrapolated from scratch tests (order of magnitude of 10~'-1072) can be

mainly attributed to the experimental setup differences: the multiple-pass of the counter ball on the

tested surface leads to the activation of the lubricating effect of WS> and, consequently, further

confirms the formation of a tribo-film. The positive aspect of the discussed outputs is that a wear test

better approximates the actual operating conditions of a sliding electrical contact, therefore the

performance of the prepared composites can be considered adequate.

4. Conclusions

The present study reports an investigation about the effects of second phase content between
5 and 30 wt % on the tribological, mechanical, electrical and wettability properties of self-
lubricating Cu-WS2 composites for a potential application in sliding electrical contacts
working under harsh conditions. The samples have been manufactured via a powder
metallurgy process, consisting of a ball milling step, a cold-pressing and a pressureless hot-
sintering process.

The experimental outcomes pointed out that WS, substantially improves the wettability and
the wear behavior of the investigated composites with respect to pristine copper.

Scratch and Vickers hardness of the samples are enhanced up to a 15 wt % content of second
phase, while electrical conductivity is not excessively hindered. However, a filler amount
larger than 20 wt % led to material softening, a one order of magnitude increase in resistivity
and also a slight reduction in hydrophobicity. Considering that adequate electrical
conductivity and high hydrophobicity are paramount for an application in sliding electrical
contacts, the inclusion of larger contents of WS; in these composites is not recommended, at
least for the particular application considered.

From the interpretation of wear test results, an abrasive wear mechanism can be hypothesized
for low WS> contents, whereas the solid lubricant shall promote a transition towards an

adhesive mechanism at high concentrations, thus ensuring a better self-lubricating behavior
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of the composites. Extrapolated specific wear rates and wear coefficients support this
statement, since lower values are obtained once the WS» content exceeds 10 wt %.

It can be concluded that the optimal trade-off between tribological, electrical and wettability
properties should be surveyed in the range of 10—15 wt % of tungsten disulfide. Further
analyses are mandatory to gain a better understanding of the actual degradation mechanism

of Cu-WS; composites.
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Fig. 1 Sketch of the geometrical parameters used to determine the electrical resistivity
of the Cu-XWS; composites.
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Fig. 2 Example of wear track profile analysis to evaluate the groove and
the displaced material cross-sections.
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Fig. 11 OM images of the scratches of (a) reerece Cu and of the Cu-XWS: composites at 20x
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ig. 13 images of the scratches of Cu-SSz at different magniﬁcatins:
(a) 800x, (b) 5000x, (c) 10000x.
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Fig. 14 (a) Specific wear rates and (b) wear coefficients of reference Cu
and of the Cu-XWS: composites extrapolated from scratch tests.
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Fig. 15 Vickers hardness values of reference Cu and of the Cu-XWS; composites.
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Fig. 19 (a) Specific wear rates and (b) wear coefficients of reference Cu
and of the Cu-XWS: composites extrapolated from wear tests.



