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In this study, nickel-plated graphite/WS, copper matrix composites with varying contents were
prepared using the spark plasma sintering (SPS) technique. The porosity, mechanical properties,
and tribological properties of these composites were investigated. The results indicate that
increasing the mass ratio of WS, to nickel-coated graphite results in higher porosity and lower
compressive strength of the composites. The increase in hardness suggests that porosity has a
significant effect on compressive strength, and the formation of Cu,S at the Cu—WS, contact site
is the primary reason for this increase. Among the composites, the Cu—20Gr-10WS, composite
exhibits the lowest friction coefficient (0.21) and wear rate (3.35 x 10> mm’/nm). This
composite also shows a well-developed self-lubricating film and a smooth wear surface. The
XPS etching reveals a lubricant film thickness of approximately 14.5 nm, and the main wear

mechanism observed is adhesive wear.
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I. INTRODUCTION

METAL-BASED self-lubricating composites are
highly valued in the field of tribology because of their
exceptional properties.' * These composites are pre-
pared through powder metallurgy and comprise a metal
matrix material combined with a solid lubricant. The
metal matrix materials commonly used are Fe, Al, Cu,
and Ni, among others, while the solid lubricants include
graphite, MoS,, WS,, graphene, and more.”> ™

In recent years, copper-based graphite composites
have been extensively employed in self-lubricating fric-
tion parts, such as brushes and contact rods, in various
industries including mechanical transmission, transport,
military, and aerospace. This is primarily due to their
exceptional mechanical strength, excellent thermal con-
ductivity, and self-lubricating properties.”'?! However,
the solubility between copper and graphite is low
because of their differences in chemical properties and
crystal structure.!'>'> Despite attempts to improve this
through treatment, the resulting composites have low
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mechanical properties (hardnesg&, leading to a decrease
in their lubrication properties.'® '8 When the hardness
of a composite material decreases, its surface becomes
more susceptible to scratching and abrasion, leading to
damage and loss of lubricant. This diminishes the
presence of lubricant on the friction surface, thereby
reducing lubrication effectiveness. Furthermore, the
decreased hardness can cause an increase in the surface
roughness of the composite material, which in turn
elevates friction and frictional heat, further diminishing
lubrication effectiveness. Simultaneously, reduced hard-
ness may induce deformation and plastic changes in the
material. Under high loads and high friction conditions,
the material may experience plastic deformation, conse-
quently impacting lubricant distribution and lubrication
effectiveness. In addition, with increasingly harsh service
conditions, traditional copper-based graphite compos-
ites can no longer meet the current needs. Therefore, it is
necessary to seek a solid lubricant that can form a strong
interfacial bond with the copper matrix and provide
effective lubrication like graphite. Some researchers have
found WS, with self-lubricating properties that can
replace graphite. It has been found that WS, with too
little participation cannot exert good self-lubricating
properties, while WS, with a large amount of participa-
tion has excellent self-lubricating properties, but too
much WS, will lead to an increase in the porosity of the
composites, which seriously affects their mechanical
properties and thus reduces their wear-resistant proper-
ties.[®!” 2! Studies have shown that the combination of
two or more solid lubricants can achieve a good
synergistic lubrication effect, and its performance is

VOLUME 54A, DECEMBER 2023—4905


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-023-07212-8&amp;domain=pdf

better than that of a single lubricant.”*>¥ In the past
decades, there have been many reports on improving the
lubrication performance of copper matrix graphite
composites. Li er al?” and Gardos er al* discussed
the synergistic lubrication mechanism of copper-based
graphite and MoS,, and the results of the study showed
that there is a good synergistic lubrication effect between
graphite and MoS,, which can significantly improve the
wear resistance of epoxy composites. Although MoS,
can maintain its lubricity at a high temperature of 1000
°C, it has been found that the addition of MoS, reduces
the hardness of the composite and increases the plastic-
ity which will affect its friction properties.*® Jiang*”
discussed the synergistic lubrication mechanism of
copper-based graphite and PTFE and found that the
copper-based graphite sample impregnated with PTFE
had better wear resistance. However, the intolerance of
PTFE material to high temperatures limits its applica-
tion. WS, has excellent load-bearing capacity, high-tem-
perature resistance, wider temperature adaptability,
longer lubrication life, lower coefficient of friction, and
graphite-like laminate structure, making it an effective
solid lubricant alternative to PTFE and MoS,.[%2"
Copper-based graphite/WS, composites are widely uti-
lized in various applications across microelectronics,
aerospace, and mechanical drive industries, primarily
because of their exceptional mechanical, physical, and
self-lubricating properties. These applications encom-
pass thermal management components boasting excel-
lent thermophysical and mechanical characteristics,**!
high-performance aerospace brushes,”” as well as
mechanical self-lubricating parts designed for low-speed
operating conditions.*” Unfortunately, there are very
limited studies on the co-lubrication of copper-based
graphite-WS, self-lubricating composites. Therefore, an
in-depth study of the co-lubrication mechanism of
copper-based graphite-WS, self-lubricating composites
is important for a better understanding and application
of the composites.

In this study, copper-based self-lubricating compos-
ites containing different contents of nickel-coated
graphite and WS, were prepared using discharge plasma
sintering (SPS). Dry friction wear experiments were
carried out under atmospheric conditions to investigate
the effect of content on their tribological behavior. By
studying the friction morphology change and
microstructure, the wear mechanism is explored and
the evolution of the friction surface properties is
revealed, with a view to providing a theoretical basis
for the engineering application of Cu-based graphi-
te-WS, self-lubricating composites.

II. MATERIALS AND METHODS

A. Raw Materials and Material Preparation

Figure 1 demonstrates the scanning electron micro-
scope (SEM) images of the feedstock powders.
Figures 1(a) through (c) shows SEM images of the base
material spherical copper powder (99.5 pct purity, < 300
mesh), self-lubricating solid phase nickel-coated
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graphite powder (Ni75C25, <300 mesh), and WS,
powder (99.9 pct purity, < 300 mesh), respectively.
These powders were purchased from Tianjin Yiborui
Chemical Co. in China.

To avoid a large number of chemical reactions
between WS, and Cu matrix, spark plasma sintering
(SPS) was chosen to prepare the samples in this
experiment because it has the characteristics of rapid
heating and sintering, which can reduce the reaction
between Cu and WS, to some extent.*'*!) The process
for preparing the copper-based composite material by
SPS is shown in Figure 2, and the main process
comprises the steps of weighing, grinding, vacuum
drying, and SPS sintering. First, according to the
composition of the composites, we take the correspond-
ing raw material powders in the following proportions:
Cu-30 wt pct nickel-coated graphite (Cu—30Gr), Cu-30
wt pct tungsten disulfide (Cu-30WS,), Cu-25 wt pct
nickel-coated graphite—5 wt pct tungsten disulfide
(Cu-25Gr-5WS,), Cu-20 wt pct nickel-coated
graphite—10 wt pet tungsten disulfide
(Cu-20Gr-10WS,), and Cu-15 wt pct nickel-coated
graphite—15 wt pct tungsten disulfide
(Cu-15Gr-15WS,). To ensure that the copper-based
self-lubricating composites contain intact nickel-coated
graphite particles, the team chose a lower percentage of
ball-to-powder ratio to avoid the nickel-coated graphite
from being over-abraded during the ball milling process.
The weighed ingredients were homogeneously mixed in
a ball milling tank for 10 h with a mass ratio of
ball-milled pellets to powder of 2:1. Next, the milled
powder was dried in a vacuum oven at 120 °C for 5 h.
Finally, the mixed powder was sintered by hot pressing
under the protection of a pure nitrogen atmosphere at
40 MPa at a sintering temperature of 800 °C for a
duration of 10 min. A round cake-like specimen with a
diameter of 40 mm was finally obtained.

B. Analysis of Phase Composition, Microstructure,
and Mechanical Properties

The pie-shaped specimens were processed by wire-cut-
ting to meet specific dimensional requirements, and their
microstructural, mechanical, and tribological properties
were investigated. The size of the samples used for the
microstructure, hardness, and tribological tests was
10 mm x 10 mm x 5 mm, and the compression test
sample was a cylinder with a diameter of 6 mm and
height of 9 mm. The density and porosity of the
composites were tested following Archimedes’ principle
from the literature.l"” According to the requirements of
national standard GB-9097.1-88, the HBE-3000A Bri-
nell hardness tester was used to test the Brinell hardness
of the specimen. The experimental parameters were set
as HBS2.5/62.5 using a hardened steel ball with a
diameter of 2.5 mm as the indenter, an experimental
force of 62.5 kgf, and a holding time of 30 s. Ten points
were tested on samples with different composition
contents, and the average value was taken as the
hardness value of the copper matrix composites with
that content. Compression tests were carried out using a
universal material testing machine (SHT4605) with a
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Fig. 1—SEM image of the raw powder.
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Fig. 2—Process flow chart of composite material preparation.

constant speed of 0.5 mm/min for each content. Three
compression tests were carried out for each content of
composite material.

The physical characterization of the composites was
carried out using an x-ray diffractometer (X’pert pro)
using Cu-Kuo radiation from 10 to 80 deg at a scanning
rate of 10°/min. To better calibrate the graphite mate-
rial, the characteristic peaks of graphite were detected in
the experiments with an in situ variable-temperature,
high-pressure laser confocal microscopic Raman spec-
trometer of the LabRam HR Evolution model, using a
blue light incident at 473 nm. A scanning electron
microscope (SEM, ZEISS EVO/MA15) equipped with
energy-dispersive x-ray spectroscopy (EDS) was used to
carry out micro-observations of microstructures, com-
pression sections, and wear surfaces of the composites.
The thickness of the lubricated films was analyzed by
x-ray photoelectron spectroscopy (XPS, Thermo Scien-
tific K-Alpha), which was equipped with an AI-K
alpha-ray excitation source (1486.6 ¢V) and operated
in constant analyzer energy mode, using energies of 100
and 50 eV for measurements and high-resolution spec-
tra, respectively. Ar + ions with an energy of 3 keV
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were used for etching to measure the distribution of
elements at depth, with an etching area size of 1 x 1
mm? and etching rate of about 0.29 nm/s. XPS mea-
surements were carried out at cumulative etch times of 0,
15, 30, 50, 100, 200, and 300 s.

C. Dry Friction and Wear Experiment

Friction and wear experiments were carried out on a
reciprocating ball-on-flat tribometer (UMT-TRIBO-
LAB). A bearing steel (GCrl15) pellets with a diameter
of 5 mm and hardness of 62-65SHRC was used as the
counterpart. The normal load is 20 N, which corre-
sponds to an initial maximum Hertzian contact com-
pressive stress of 432.44 MPa. Sliding wear tests were
conducted under normal laboratory conditions (50 to 60
pct relative humidity at 25 to 30 °C), and the friction
test parameters are shown in Table I. Prior to the
friction experiments, the composite surfaces were pol-
ished using 500, 800, 1200, 2000, and 3000 grit sandpa-
per; finally, the specimens were ultrasonically cleaned
using anhydrous ethanol. The cross-sectional area of the
wear marks (mm?) was obtained by white light
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Table I. Friction test parameters

Speed Time Scratch Distance Sliding Load
(mm/s) (min) (mm) (N)
5 20 5 20

interferometry, and the wear volume was obtained by
multiplying the cross-sectional area by the one-way
scratch length. However, this calculation may slightly
overestimate the friction rate because of the parabolic
shape of the observed wear scars. The wear rate (mm?>/
nm) was evaluated by the formulal®?;
W Vo

f-L
where W is the wear rate, V' is the wear volume (mm?),
is the friction force (N), and L is the single-pass friction
distance (mm). Three parallel tests were performed on
the wear rate at each load.

III. RESULTS AND DISCUSSION

A. Microstructure and Phase Analysis

Figure 3 illustrates the physical phase characterization
of the copper-based self-lubricating composite. Panel a
shows the X-ray diffraction (XRD) pattern of the
composite. In the composite containing 30 pct nickel-
coated graphite, only the diffraction peaks of the copper
substrate can be observed, and there are no apparent
graphite diffraction peaks. This is attributed to the
encapsulation of graphite in nickel, which makes the
direct detection of graphite diffraction peaks challeng-
ing. To more accurately confirm the presence of the
graphite phase, graphite in the composites was examined
using Raman spectroscopy. As depicted in Figure 3(b),
there are three characteristic peaks in the Raman
spectrum appearing at 1350 cm™', 1590 cm™', and
2700 cm ™', corresponding to the D, G, and 2D peaks
of graphite, respectively. The D peak signifies the
incompleteness and disorder in the structure of the
graphitic material, while the G peak arises from the
stretching vibration of the C-C bond, indicating the
completeness and order in the structure of the graphitic
material. Additionally, no new phases were detected in
the composites containing 30 pct nickel-coated graphite.
The composite material containing 30 pct WS, not only
has the diffraction peaks of Cu and WS, but also finds a
new diffraction peak with a weak peak at the position of
45.79 deg. Through the comparison of the PDF card,
this peak belongs to the diffraction peak of Cu,S, which
indicates that part of Cu reacts with WS, to form Cu,S
during SPS sintering, with the corresponding chemical
reaction formulal®®!:

4Cu + WS; =2Cu,S+ W

No new diffraction peaks were found in the compos-
ites of Cu—25Gr-5WS, and Cu-20Gr-10WS, except the
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corresponding diffraction peaks of the substrate. The
diffraction peaks of the Cu-15Gr-15WS, composite
were similar to those of the substrate, and a weak Cu,S
diffraction peak was also found at the position of 45.79
deg. Notably, when the content of WS, is higher, the
presence of Cu,S can be detected in the composites, but
the measured Cu,S diffraction peaks are very weak,
which indicates that the reaction between Cu and WS,
can be controlled at a lower level by SPS sintering
technology.

The uniform distribution of solid lubricant ensures
uniform distribution of lubricant film on the wear
surface, which in turn affects the tribological properties
of self-lubricating composites to some extent.**
Figure 4 shows the microscopic results of the prepared
copper-based self-lubricating composites, which include
SEM images. The SEM image in Figure 4(a) shows that
the black nickel-coated graphite is uniformly distributed
in the copper matrix when the copper matrix contains 30
wt pct nickel-coated graphite and no obvious defects
such as pores are found, indicating that the composites
are structurally dense under this process. Figure 4(b)
illustrates the SEM image of the copper matrix con-
taining 30 wt pct of WS,. The white WS, particles are
distributed relatively uniformly, and small amounts of
gray phases present in the image. Most of these gray
phases are found surrounding the white WS, particles.

EDS clemental analysis confirms that these gray
phases primarily consist of S and Cu elements, with an
atomic ratio close to 1:2. Based on the XRD results, it
can be inferred that the gray phase corresponds to Cu,S,
which forms because of the reaction between S and Cu
at high temperatures. Notably, there are also black
flocculent distributions at the grain boundaries of the
matrix copper. By EDS analysis, the Cu element
becomes a concave trend, and W and S elements are
not detected, which can be presumed to belong to the
pore space, consistent with the results of Zhao et al.*!
The SEM maps of Figures 4(c) through (d) show the
uniform distribution of Ni-coated graphite and WS..
Notably, the gray phase Cu,S in the composite gradu-
ally increases with the increase of WS, content, while the
pores in the composite increase, leading to the disrup-
tion of the continuity of the copper matrix.

The evolution of the interfacial structure of compos-
ites has a significant impact on their mechanical
properties.*> 3" The characterization of the composite
interfaces, as shown in Figures 4(f) and (g), reveals the
formation of a black phase at the interface between the
Cu matrix and WS, in Figure 4(f). EDS analysis results
in Figure 4(b) confirm that this black phase is a Cu,S
compound formed by the reaction between copper and
WS, at elevated temperatures. Cu,S acts as a binder at
the interface, effectively bonding the copper matrix and
WS, particles together. However, due to the poor
compatibility between copper and WS,, the Cu,S layer
is unable to completely fill the voids in the material,
resulting in the presence of pores between the Cu,S layer
and the copper matrix, consequently leading to a lower
density of the composite. On the other hand, as depicted
in Figure 4(g), no discernible pores or defects are
observed in the micromorphological map of the
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Fig. 3—(a) XRD pattern of copper-based self-lubricating composite material; (b)) Raman spectroscopy of graphite in composites.

interface between nickel-coated graphite and copper
matrix. This indicates that the use of nickel-coated
graphite can effectively reduce the porosity of the
graphite phase in the composites and overcome the
challenge of achieving dense sintering of graphite during
the powder metallurgical process. Consequently, nickel-
coated graphite not only reduces the porosity of the
composites but also contributes to enhancing their
density.

Porosity is an inherent characteristic of powder
metallurgy materials, which affects the mechanical,
physical, chemical, and technological properties of
materials to a certain extent.®® The density and porosity
of copper-based self-lubricating composite

materials are illustrated in Figure 5. The porosity of
Cu-30Gr and Cu-30WS; composites is measured at 2.3
and 5.6 pct, respectively. These results indicate that,
under identical processing conditions, the Cu-30Gr
composite displays a higher density, whereas the
Cu-30WS, composite exhibits a lower density. These
findings align with the earlier SEM results discussed.
The high density of the Cu-30Gr composite can be
attributed to the nickel plating on the surface of the
graphite. This is because the nickel on the graphite
surface forms a solid solution with the matrix copper,
resulting in an infinite mutual solubility. Additionally, at
high temperatures, graphite can dissolve in the lattice of
nickel in the form of monomeric carbon. This transfor-
mation changes the interfacial bonding of the composite
from a simple mechanical interlocking bond to a solid
solution bond with gradient changes.*” The lower
densification of the Cu-30WS, composite is attributed
to the inability of the matrix Cu to intercalate with WS.
Instead, only a thin layer of the compound Cu,S is
formed at the Cu/WS, interface (as seen in the SEM
image, gray Cu,S is distributed around WS,). When
Ni-coated graphite and WS, are blended, the porosity of
the composite material gradually increases as the mass
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ratio of WS, to Ni-coated graphite increases. The
Cu-15Gr—-15WS, composite demonstrates the highest
porosity, reaching a value of 5.1 pct. This observed
trend in porosity variation aligns with the changes
observed in the SEM images and is in line with the
reported results in the literature.!®

B. Mechanical Properties of Composites

The hardness of the self-lubricating composites is
depicted in Figure 6. The Cu-30Gr and Cu-30WS,
composites exhibit Brinell hardness values of 172 HB
and 260 HB, respectively. This indicates that composites
containing WS, have higher hardness when the mass of
the solid lubricant is kept constant. The hardness of the
copper-based self-lubricating composites increases with
the higher mass ratio of WS, and nickel-coated graphite
when the two solid lubricants are mixed. The
Cu-15Gr-15WS, composite displays the highest hard-
ness value of 215 HB. It is generally believed that the
porosity of a material exhibits the same trend as its
hardness. However, based on the above results, the
porosity has a lesser effect on the hardness of Cu matrix
composites when Ni-encapsulated graphite and WS, are
co-mingled. The main reason for this hardness trend can
be explained from two perspectives. First, as the WS,
content increases, WS, and the Cu matrix react to form
Cu,S at high temperatures, thereby enhancing the
interfacial bond strength between WS, and the Cu
matrix.*”! Second, this trend can also be attributed to
the anisotropic properties of WS,.[*!

The compressive strength of the copper-based self-lu-
bricating composites is depicted in Figure 7. The
compressive strengths of Cu-30Gr and Cu-30WS,
composites are 131 MPa and 66 MPa, respectively. This
demonstrates that composites containing nickel-coated
graphite exhibit higher compressive strengths while
keeping the mass of the solid lubricant constant. When
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Cu—-15Gr-15WS,. (f) The interface between copper and WS, in composites; (g) the interface between copper and nickel-coated graphite in
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Fig. 5—Density and porosity of copper-based self-lubricating
composites.

the two solid lubricants are mixed, the compressive
strength of the copper-based self-lubricating composites
decreases with an increase in the mass ratio of WS, and
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Fig. 6—Hardness values of copper-based self-lubricating composites.

nickel-coated graphite. The Cu-25Gr-5WS, composite
exhibits the highest compressive strength value of
123 MPa.
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Fig. 7—Compressive strength values of copper-based self-lubricating
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To gain a deeper understanding of the fracture
mechanism of copper-based self-lubricating composites,
the compressive fractures of the composites were ana-
lyzed microscopically using a scanning electron micro-
scope, and their micro-morphology is presented in
Figure 8. First, it is important to emphasize that under
the same experimental conditions, the Cu-70Gr and
Cu-25Gr—5WS, composites did not fracture but rather
exhibited a significant amount of plastic deformation.
This indicates that copper can still maintain its excellent
plastic deformation ability even when incorporating a
certain amount of nickel-coated graphite, which also
offers a better explanation for the higher compressive
strength observed in Figure 7 for these two composites.
As Figure 8(a) shows, the fracture of the composite
containing only 30 pct WS, appears relatively smooth,
with minimal plastic deformation of the material. The
type of fracture is characteristic of brittle fracture. The
fracture also exhibits numerous cracks, with evident
crack extension. Micro-mechanism analysis
(Figures 4(b) and 5) reveals that the primary cause of
the aforementioned brittle fracture is the high WS,
content, resulting in the formation of numerous pores
within the composite material. As depicted in
Figure 8(b), no cracks were observed on the fracture
surface of the Cu-20Gr-10WS, material. Instead, a
significant number of tough nests were present, indicat-
ing substantial plastic deformation of the material. The
fracture surface appeared relatively rough, suggesting a
plastic fracture type. As depicted in Figure 8(c), the
fracture surface of the Cu-15Gr-15WS, material
exhibits both cracks and tough nests. Additionally,
some plastic deformation is evident in the material,
indicating a combination of plastic and brittle fracture.

C. Friction and Wear Properties of Composites

Figure 9 illustrates the coefficient of friction for
copper-based self-lubricating composites. As depicted in
Figure 9(a), when the copper matrix contains only 30 pct
of nickel-coated graphite, the friction coefficient is high
and exhibits instability. However, when the same mass
of nickel-coated graphite is replaced with WS,, the
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friction efficient of the composite is significantly
reduced, and the curve becomes more stable. This
phenomenon can be attributed to the fact that WS, is
more prone to forming a favorable self-lubricating film
on the friction surface under the same horizontal load,
thereby creating separation between the friction partners
and reducing the coefficient of friction. Studies have
shown that intact self-lubricating films can reduce the
coefficient of friction.***? Additionally, the Cu—30WS,
composite possesses higher hardness, which further
contributes to a lower coefficient of friction. When the
two solid lubricants are combined, the friction coefhi-
cient curves of the composites exhibit marked differ-
ences compared to those of the Cu-30Gr but closely
resemble those of the Cu-30WS,. Figure 9(b) presents
the average friction coefficient of the copper-based
self-lubricating composites. It is evident that the average
coeflicient of friction for the Cu-30Gr composite is 0.4,
approximately twice that of the Cu-30WS,. Signifi-
cantly, the average coefficient of friction for the com-
posites shows an initial decrease followed by an increase
as the mass ratio of WS, and nickel-coated graphite
increases. The Cu-20Gr-10WS, composite demon-
strates the lowest average coefficient of friction at 0.12.
This finding suggests that the optimal synergistic lubri-
cation effect is attained with a ratio of 20 pct nickel-
coated graphite and 10 pct WS,.

After conducting the friction test, the wear rate can be
determined by analyzing the depth and width of the
wear track on the composite material. The wear track
morphology of the copper-based self-lubricating com-
posites is illustrated in Figure 10. As depicted in
Figures 10(a) and (b), the wear track depth of the
Cu-30Gr composite measures approximately 1145 pm,
and its width is around 30 um. In contrast, the wear
track depth of the Cu-30WS, composite is approxi-
mately 455 ym, with a width of about 8 ym. The
significant reduction in depth and width suggests that
WS, can effectively decrease the friction loss rate of
Cu-based composites with the same mass compared to
an equivalent mass of nickel-clad graphite. When the
two solid lubricants are combined, the depth and width
of the wear tracks in the composites tend to initially
decrease and then increase with the increasing mass ratio
of WS, to nickel-coated graphite. Among these com-
posites, the Cu—20Gr—10WS, exhibits the smallest depth
and width of wear tracks, measuring 424 ym and 6 um,
respectively.

Based on the statistics and calculations, the friction
rate of the copper-based self-lubricating composites is
illustrated in Figure 11. From the figure, it is evident
that the composite with only 30 pct Ni-coated graphite
exhibits the highest friction loss rate of 10.58 x 107>
mm?/nm, followed by Cu-30WS,. Notably, the friction
loss rates of the composites blended with both solid
lubricants are lower than that of a single solid lubricant,
indicating a synergistic lubrication effect between the
Ni-coated graphite and WS,. Among the two solid
lubricant blends, Cu-20Gr-10WS, shows the lowest
friction loss rate of 3.35 x 107> mm?’/nm. Previous
studies have shown a close relationship between the
friction loss rate of composites and the coverage degree
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Fig. 8—Morphology of compression section of copper-based self-lubricating composite: (a) Cu-30WS,; (b) Cu-20Gr—10WS,; (c)

Cu-15Gr-15WS,.
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Fig. 9—Friction coefficient of Cu-based self-lubricating composite. () Friction coefficient curve, (b) average friction coefficient.

of the self-lubricating film on the friction surfaces, where
a higher coverage degree typically results in a lower
friction loss rate.***T The lowest friction loss rate of
Cu—20Gr—10WS, may be because 20 pct Gr and 10 pct
WS, form the most complete self-lubricating film during
friction. When the content of WS, is increased to 15 pct,
the friction loss rate increases, mainly because too much
WS, leads to a large number of pores and cracks in the
composites, which is detrimental to the mechanical
properties of the composites and therefore should be
avoided as much as possible.*) This conclusion is
consistent with the previous findings on porosity and
compressive section cracking.

D. Analysis of Wearing Surface and Self-lubricating
Film

Figure 12 shows SEM images of the wear surface of
the copper-based self-lubricating composite. The wear
surface of the composite containing only 30 pct nickel-
coated graphite (Figure 12(a)) shows the presence of
grooves, friction debris, and adhesion pits as well as a
thin film on the wear track. A large amount of
nickel-coated graphite remained intact, indicating that
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a large amount of graphite self-lubricating film was not
formed during friction, but rather a metallic film
dominated. The wear surface is rougher, providing a
better explanation for why the Cu-30Gr composite
exhibits the highest friction rate. The formation of
grooves can be attributed to the plowing effect caused by
the harder bumps and wear debris in the friction pair on
the softer copper matrix. The friction process generates
a significant amount of heat, leading to the formation of
adhesion pits on the wear surfaces due to repeated
squeezing. Furthermore, oxidation occurs on the wear
surfaces exposed to the atmosphere, as the friction takes
place under atmospheric conditions. Similar phenomena
have been observed in numerous other Cu-based com-
posites.”**] This indicates that the primary wear
mechanisms of Cu-30Gr composites are adhesive wear
and oxidative wear. Compared to Cu-30Gr, the wear
surface of Cu—30WS, composites shows no noticeable
grooves or adhesion pits, and the film thickness on the
wear track is significantly greater than that of Cu—30Gr.
Hence, the wear mechanism of Cu—30WS, is adhesive
wear, albeit to a lesser degree.

As depicted in Figures 12(c) through (e), when the two
solid lubricants are combined, the coverage degree of the
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self-lubricating film on the wear surface of the compos-
ites gradually increases with the increase in the mass
ratio of WS, and nickel-coated graphite (the coverage
degree of Cu-20Gr-10WS, and Cu-15Gr-15WS, is
approximately the same). Additionally, the wear surface
becomes smoother, and the corresponding oxidative and
adhesive wear mechanisms are significantly reduced.
Although the Cu-15Gr-15WS, composites form a
relatively complete self-lubricating film, the wear rate
is higher compared to Cu—20Gr—10WS,. This is primar-
ily attributed to excessive WS, disrupting the continuity
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of the Cu matrix, resulting in many pores and reduced
mechanical properties. The Cu—20Gr-10WS, composite
exhibits the most complete formation of a self-lubricat-
ing film on the wear surface, which holds significant
research value. Figure 12(f) provides a magnified view of
Figure 12(d), revealing a substantial amount of fine
debris present within the gaps of the self-lubricating
film. Comparing the EDS elemental analysis of point 1
(fine debris) and point 2 (lubrication film) indicates that
the fine debris represents the refined lubrication film.
Similar fine debris was also found in Cu-25Gr-5WS,
and Cu-15Gr-15WS, composites with relatively low
lubricating film coverage. This fine debris serves to fill
the cracks, pits, and broken sections of the worn surface,
effectively replenishing and enhancing the smoothness of
the lubrication film. Consequently, a favorable lubrica-
tion effect can be achieved.*” Under high loads, the
formation of fine debris occurs as the instantaneous
transfer of frictional heat is hindered, leading to elevated
temperatures that soften the material. Moreover, the
impact and shear forces between the concave and
convex features on the opposing friction surfaces
become sufficiently strong to cut through the micro-con-
vexities. Consequently, the micro-convexities within the
lubrication film are sheared and crushed. This phe-
nomenon has also been observed by Bin et al. in C/SiC
wear experiments with varying loads.’®>'" At higher
loads, the fine debris present within the C/SiC lubrica-
tion film fills the surface defects, thereby demonstrating
its advantageous role in improving the lubrication
properties.>?!
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Figure 13 presents the results of the EDS energy
spectroscopy analysis conducted on the wear surface of
the Cu—20Gr-10WS, composite. Through an examina-
tion of the elemental distribution of graphite and WS,
both possessing self-lubricating properties, it was dis-
covered that carbon (C), tungsten (W), and sulfur (S)
elements were uniformly distributed across the wear
surface. Therefore, it can be inferred that during the
friction process, WS, and graphite were extracted from
the copper matrix and evenly deposited onto the wear
surface. After multiple reciprocating frictions, a thin
self-lubricating film was formed. This self-lubricating
film effectively contributed to the reduction of wear.

Based on the aforementioned analyses, it can be
concluded that the Cu—20Gr—10WS, composite exhibits
a low coefficient of friction and the lowest rate of
friction loss. The self-lubricating film formed on the
friction surface is exceptionally smooth and intact,
thereby rendering it of significant research value. To
investigate the thickness and composition of the friction
film, XPS etching was employed to characterize the wear
trajectory of the Cu-20Gr-10WS, composite. The
etching process utilized an ion beam size of 400 um
within the time range of 0-100 s. Figure 14(a) illustrates
that the intensities of the Cu2p peaks were measured as
932.5 and 952.3 eV, respectively, with the depth and Cu
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content in the vertical direction increasing as the
Ar + ion etching time progressed. Figures 14(b) and
(c) demonstrates that the spectra of Ols and Cls exhibit
an inverse trend to that of Cu2p, as the content of Ols
and Cls gradually diminishes with increasing etching
time. Notably, the relatively elevated levels of oxygen
and carbon at Os are primarily attributed to the
adsorption of atmospheric oxygen and carbon pollu-
tants on the friction surface, resulting in a relatively
lower content of other elements. Figures 14(d) and (e)
presents the XPS spectral patterns of S2p and Wi4s,
which display similar but not identical trends, suggesting
that the composition of the lubricating film on the
friction surface is not solely comprised of C and WS,
and a small amount of Cu,S formed may be formed.
Figure 14(f) illustrates the depth distribution trend on
the friction wear surface of the Cu—20Gr-10WS, com-
posite. It was observed that prior to etching, the content
of other elements remained low because of the presence
of surface-adsorbed oxygen and carbon contamination
(with carbon already exceeding 20 pct). Following
etching, the content of other elements gradually
increased as the surface-adsorbed oxygen and carbon
contamination were removed. After 30 of etching, the
content of nickel, carbon, sulfur, and tungsten elements
experienced a rapid decrease. Beyond 50 of etching, the
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Fig. 13—EDS analysis results of worn surface of Cu—20Gr-10WS, composite.
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content of carbon, sulfur, and tungsten elements reached
a stable state, indicating the etching removal of the
self-lubricating film containing carbon, sulfur, and
tungsten, with the total content of nickel, carbon,
sulfur, and tungsten being approximately equivalent to
the amounts of graphite and WS, added to the material.
Considering the XPS etching rate of 0.29 nm/s, it can be
estimated that the thickness of the self-lubricating film in
the Cu-20Gr-10WS, composite is approximately
14.5 nm.

E. Wear Mechanism Analysis

Based on the above analyses, a wear mechanism
model for Cu-based graphite-WS, composites is pro-
posed, as illustrated in Figure 15. Graphite and WS,,
which possess self-lubricating properties, are randomly
distributed within the copper matrix (Figure 15(a)).
After the reciprocal sliding of the friction pair, the
composite surface undergoes severe plastic deformation.
The WS, in the plastic deformation region exhibits a
high level of orientation after sliding because of the
combined effect of the plastic mobility of the Cu matrix
and the high stiffness of Cu,S formed between WS, and
Cu. Moreover, graphite within the subsurface cavity of
the Cu matrix easily deforms along with the subsurface
matrix.” During sliding friction, the graphite is
extruded onto the wear surface and mechanically mixed
with WS, and other fragmented particles between the
contacting surfaces. Subsequently, it is coated by shear
stresses on the friction surface, resulting in the forma-
tion of a solid lubrication film composed of a mixture of
graphite and WS, (Figure 15(b)).
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The friction wear surface of Cu—20Gr-10WS, com-
posites is very smooth and forms a complete self-lubri-
cating film, which can be explained by the theory of
frictional microprojectile contact and collision." The
friction wear behavior is mainly caused by the contact
and collision of micro-protrusions between the friction
partner and the material being rubbed. According to the
friction theory, when the deformation of two micro-pro-
trusions in contact with each other exceeds their own
elastic limit, the micro-protrusion with lower hardness
will be the first to undergo plastic deformation. The
contact collision model of micro-protrusions is estab-
lished, as shown in Figures 15(c) and (d). Even if on the
surface of the smooth friction ball and the composite
material surface microscopically there are defects in the
tiny protrusions when the friction ball and the compos-
ite material are in contact with each other, there are
three ways of existence between the tiny protrusions,
namely, tiny protrusion contact, tiny protrusion colli-
sion, and tiny protrusion separation type. When the
relatively hard friction ball slides through, the
micro-protrusions on the softer lubrication film will be
cut off by the micro-protrusions of the friction ball
under a larger cutting force, and these cut-off fine debris
of the lubrication film will fill in the broken lubrication
film pits (Figure 15(d)). By repeating this process, the
broken lubrication film is replenished, resulting in a very
smooth friction surface with the lowest coefficient of
friction of the Cu—20Gr—10WS, composite. Similarly, in
the frictional wear of Cu-20Gr-10WS, and
Cu—-20Gr-10WS, composites, there is a large amount
of fine debris replenishment of the broken lubrication
film.
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IV. CONCLUSIONS

Copper-based self-lubricating composites were pre-

pared by SPS technology, and the microstructure,
mechanical, and tribological properties of the compos-
ites with different contents were studied. The conclu-
sions are as follows:

1.

The porosity of the Cu—30WS, composite is 5.6 pct,
which is 2.4 times that of the Cu—30Gr composite.
With the increase of the mass ratio of WS, to
nickel-coated graphite, the porosity of the compos-
ites increases gradually, which leads to the decrease
of the compressive strength.

The Brinell hardness of Cu-30Gr composite is 260
HB and that of Cu-30WS, composite is 172 HB.
The Brinell hardness of the composites increases
with the increase of the mass ratio of WS, to
nickel-coated graphite.

Cu—20Gr—10WS, composite exhibits excellent syn-
ergistic lubrication performance, with a friction
coefficient as low as 0.12 and a corresponding wear
rate as low as 3.5 x 10 mm?/nm. With the increase
of the mass ratio of WS, to nickel-coated graphite,
the wear type changes from oxidation wear and
adhesive wear to adhesive wear, and the degree of
adhesive wear decreases.
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