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Abstract

The tribological behavior and formation of tribo-film of copper/tungsten disulfide (WS,) composites featuring 0-30% WS,
volume fractions, prepared using spark plasma sintering were investigated. Results indicated that WS, as addition into the
copper matrix could effectively reduce the coefficient of friction (COF) of Cu/WS, composites. The lowest COF obtained
was 0.16, while the wear rate was approximately 5x 10~> mm*-N~".m~! for the Cu/W S, composite which contained 25vol%
of WS, (here defined as Cu-25WS,). X-ray photoelectron spectroscopy and transmission electron microscopy analyses indi-
cated that an oxygen-rich tribo-film with a thickness of approximately 10 nm was formed on the wear track, while a thick
layer which was rich in WS, and Cu,S and with a thickness of approximately 50 nm was observed below the oxygen-rich
tribo-film. The superior tribological properties could ascribed to the formation of these tribo-films.
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1 Introduction

Copper matrix self-lubricating composites containing lead,
which exhibit a low coefficient of friction (COF) and high
wear resistance are widely used as bearings, bushes, etc.
Due to the technology developments and environmental,
health and safety requirements, these composites should be
gradually eliminated and substituted by high-performance
lead-free materials [1-8]. Major efforts have been devoted
to solving these concerns and meeting these expectations.
Layer-structured solid lubricants, such as graphite, MoS,,
hexagonal boron nitride (h-BN), copper/tungsten disulfide
(WS,) composites, etc., are some of the noteworthy substi-
tute solid lubricants used because of their high stability and
long service performance. Among them, metal sulfides, such
as MoS, and WS,, present a hexagonal lamellar structure,
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high melting points and chemical stability, and demonstrat-
ing good self-lubrication especially under high temperature
in vacuum conditions. Due to the strong S-Mo-S and S-W-S
covalent binding forces, the bonding strength between adja-
cent layers due to van der Waals forces is relatively small.
Thus, interlamellar sliding can easily take place when these
materials are subjected to shearing forces. Therefore, com-
posites containing such substances will always exhibit lower
COF and wear rates [9—14]. Additionally, both W and Mo
belong to the sixth subgroup (VI B) of the periodic table
and present similar chemical properties. However, compared
to MoS,, WS, presents a superior load resistance, higher
temperature resistance, wider temperature service capability,
longer lubrication life, lower COF, etc. [11, 15-17].
Several meaningful studies on Cu matrix composites
consisting of MoS, and lubricating particles have been con-
ducted to improve their tribological performance. Koval-
chenko et al. [18] revealed that the lubricating effect was
more pronounced when the concentration of solid lubricant
was greater than 5 wt% for the Cu/MoS, and Cu/MoSe,
composites. Cao et al. [19] found that the Cu/WS, composite
containing 24 vol% WS, (Cu-24WS,) presented a superior
mechanical performance and lower wear rate compared to a
Cu/graphite composite containing the same volume fraction

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-019-1200-9&domain=pdf

98 Page2of13

Tribology Letters (2019) 67:98

of graphite (Cu-24G). Wang et al. [20] indicated that add-
ing WS, as a lubricant substantially reduced the wear rate
of the Cu matrix composites fabricated using spark plasma
sintering (SPS). Moreover, the optimum WS, content that
conferred the best friction properties to the composite was
20 wt%. Juszczyk et al. [21] studied the tribological proper-
ties of copper composites containing graphite, WS,, MoS,,
and glassy carbon lubricating particles. The best tribologi-
cal properties were achieved for the composites containing
graphite and WS, particles. It could be concluded from these
results that the layered structure of the solid lubricants could
improve the tribological performance of the composites. To
investigate the formation of tribo-films on the worn surface
of self-lubricating composites, Xiao et al. [22] confirmed
that a layer of lubricating film rich in MoS, formed on the
worn surface while testing the tribological properties of the
Cu/MoS, composites. Qian et al. [15] demonstrated that the
contact resistance of the Cu/WS,/G composites decreased
but their wear rates increased. This could be caused by the
adverse effects of the electrical current softening the materi-
als at “a-spots” and damaging the tribo-film. However, cur-
rently, there has been very limited research concerning the
formation of tribo-films of Cu/WS, composites. Moreover,
the structure and composition of tribo-films have never been
clearly characterized since testing them is difficult. There-
fore, it would be significant to investigate the tribological
behavior of Cu/WS, composites, and the effect of adding
WS,, on the formation of tribo-films, especially by analyzing
the formation process of tribo-films and their influence on
the tribological properties.

In this study, Cu/WS, composites containing 0, 5, 10, 15,
20, 25, and 30 vol% WS, were prepared using SPS. To inves-
tigate their tribological properties, friction and wear testing
of the prepared composites was performed under a load of
10 N under atmospheric conditions. The microstructures and
compositions of the tribo-films of the Cu/WS, composites
were analyzed. Considering the small thickness and complex
composition of the tribo-films, focused ion beam (FIB) and
transmission electron microscopy (TEM) techniques were

Fig.1 SEM images of a WS,
and b Cu powders
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used to characterize the tribo-films in this study. The pur-
pose of this study was to investigate the influence of the vol-
ume fraction of WS, on the tribological behavior of Cu/WS,
composites, and to provide an accurate method for analyzing
the structure and composition of the tribo-films formed on
the worn surface.

2 Materials and Experimental Methods
2.1 Materials Preparation

As showed in Fig. 1a, b, commercially available WS, powder
with an average size of 1.2 ym and Cu powder with an aver-
age size of 38.3 um were used as raw materials. Since the
tiny WS, particles aggregated together, a long ball milling
process was used to uniformly mix the composite powders.

To avoid chemical reactions between the WS, and the Cu
matrix, SPS was used in this work since it involved rapid
heating and sintering. First, mixtures of certain ratios of Cu
and WS, powders were combined using a planetary mill at
a speed of 80 rpm for 24 h. A 6-mm-diameter brass mill-
ing ball was used, and the weight ratio of the brass ball to
the mixture was approximately 3:1. Then, the homogene-
ously mixed powders were wrapped into a graphite die for
SPS. Sintering was carried out at 750 °C under a pressure
of 40 MPa for 15 min in a nitrogen atmosphere. Afterward,
the specimens were cooled using water at a cooling rate of
approximately 100°C/min. Thus, specimens 40 mm in diam-
eter and 5 mm thick were prepared.

2.2 Friction and Wear Testing

A friction testing machine (MM-W1B; Lanzhou Institute
of Chemical Physics, China) with a ball-on-block test con-
figuration was used for the tribological property tests. A
steel ball bearing (AISI52100, 0.95-1.05C, 0.20-0.40Mn,
0.15-0.35Si, 1.30-1.65Cr, S <0.020, P<0.027, M0 <0.10,
Ni<0.30, Cu<0.25, Ni+ Cu<0.50), which was 4 mm in
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in diameter and had a hardness of 63—65 HRC was selected
as the testing ball. The obtained samples were ground and
polished using SiC grit paper until surface roughness (Ra)
values of 1.2 pym were obtained. The specimens were sub-
sequently cleaned using anhydrous alcohol. The tests were
conducted at a constant normal load of 10 N, a fixed sliding
distance of 5 mm, a reciprocating speed of 600 rpm (0.1 m/s)
and a test time of 900 s. The average length (mm) and cross-
sectional area (mm?) of the wear tracks were obtained by a
3D surface profilometer, and then multiplied to obtain the
wear volume. The wear rate (mm>-N~!'-m~!) was evaluated
utilizing the volume of wear tracks using Eq. (1):

Wearrate = V/(f - L) (1)
where V is the wear volume (mm?), f is the friction force
(N) and L is the friction distance (m). Three parallel tests
were performed for each sample, for each definitive set of
test conditions.

2.3 Microstructural Characterization

The porosity of the Cu/WS, composites was measured by
Archimedes’ method following GB/T 1423-1996 (State
Standard of China). The compressive strength of the Cu/
WS, composites was obtained through an electronic uni-
versal testing machine (Model 3369; Instron, USA) with
a sample size of ®8 mm X 10 mm. The microstructures,
morphologies of the worn surfaces, phase constituents, and
tribo-films of the Cu/WS, composites before and after test-
ing were investigated using field-emission scanning elec-
tron microscopy (SEM; Nova NanoSEM230; FEI, USA)
coupled with energy dispersive spectroscopy (EDS). The
average roughness of the sample surfaces was characterized
using white light interferometry (Contour GT-K; Bruker,
Germany). The phase composition of the specimens was
analyzed using X-ray diffraction (XRD; DX-2700B; Dan-
dong Haoyuan Instruments, China) employing Cu-Ka radia-
tion. The length and cross-sectional area of the wear tracks
was measured by a 3D surface profilometer (Nano Map
500-LS; AEP Technology, USA). The depth distribution of
the elements with respect to the worn surface of the Cu/
WS, was analyzed by using X-ray photoelectron spectros-
copy (XPS; Escalab 250Xi system; Thermo Fisher, UK).
This device was equipped with an Al-Ka X-ray excitation
source (1486 eV) and was operated in constant analyzer
energy mode with a pass energy of 100 and 30 eV for survey
and high-resolution spectra, respectively. Ar" ions with an
energy of 3 keV were used for etching the worn surface in
order to measure the distribution of elements in depth. The
size of the etched area was 2x2 mm? and the etching rate
was approximately 0.33 nm/s. We performed XPS meas-
urements at accumulated etching times of 0, 100, 400, 700
and 1000 s, respectively. Furthermore, transmission electron

microscopy (TEM; JEM-2100F; JEOL, Japan) was used to
characterize the morphologies and compositions of the worn
surfaces, especially those of the tribo-films with the working
voltage of 200 kV. Samples for the TEM investigation were
prepared by using FIB cutting technology with the cutting
direction perpendicular to the sliding direction on the worn
surface. To prevent the worn surface from being destroyed
during the FIB cutting, a protective layer of Pt was first used
to cover the worn surface of the wear tracks.

3 Results and Discussion
3.1 Microstructure of Cu/WS, Composites

Table 1 illustrates the compositions of the powders before
and after SPS, as well as the porosity and compressive
strength of the specimens. The porosity increased as the per-
centage of WS, increased, while the compressive strength
decreases, which was consistent with the results reported in
the literature [16, 17].

Figure 2a—d presents the optical metallographic images
of the Cu/WS, composites containing 0, 10, 20, and 30 vol%
WS, respectively. The gray phases in Fig. 2 represent the
Cu matrix, while the shallow black phases represent WS,
particles. Moreover, the deep black phases in Fig. 2e rep-
resent pores. As observed in Fig. 2a—d, the number of WS,
particles and pores continuously increased as the amount
of added WS, increased. In addition, the distribution of the
WS, particles appeared to be more homogeneous as the
content of WS, of the composites increased, since more
and more network microstructures between Cu and WS,
were generated. As shown in Fig. 1, the WS, particles were
much smaller than those of the Cu. The agglomeration of
WS, particles could still be easily observed for the Cu/WS,
composites, as shown in Fig. 2b—d. Moreover, the connec-
tions between the Cu matrix phases decreased due to the
increased isolation caused by the increased volume fraction
of the WS, particles. However, the interface area between

Table 1 Composition and mechanical properties of Cu/WS, compos-
ites

Sample Cu (vol%) WS, (vol%) Porosity (%) Compressive
strength (MPa)
Cu 100 0 04 586.5
Cu-5WS, 95 5 2.6 540.7
Cu-10WS, 90 10 3.8 526.9
Cu-15WS, 85 15 4.9 512.1
Cu-20WS, 80 20 5.3 497.3
Cu-25WS, 75 25 5.9 486.4
Cu-30WS, 70 30 6.5 470.1
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Fig.2 Optical metallographic images of Cu/WS, composites contain-
inga 0, b 10, ¢ 20, and d 30 vol% WS,, and e highly magnified image
of (d)

the WS, particles and the Cu matrix increased as the volume
fraction of WS, increased, which enabled more chemical
reactions between the WS, particles and the Cu matrix to
occur.

Figure 3 shows the XRD patterns of the WS, powder
and Cu/WS, composites. It should be noted that WS, peaks
were observed for all the Cu-WS, composites, and obvious
Cu,S peaks could be detected for both Cu-25WS, and Cu-
30WS,. However, for the Cu/WS, composites containing
5-20 vol%WS,, very few/no Cu,S peaks were detected. This
could be ascribed to the reaction between the WS, parti-
cles and the Cu matrix. The equation of the corresponding
chemical reaction could be described as follows [23, 24]:

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

As illustrated in Fig. 4, the free energy (AG) of Eq. (2)
was obtained by linearly fitting the following equation:

AG = —0.1152T + 120 3)

When the free energy (AG) was zero, the theoretical
temperature of the reaction between WS, and Cu would be
1042 K (744 °C). Given that the sintering temperature was
higher than the theoretical reaction temperature, WS, parti-
cles could theoretically react with the Cu matrix. Therefore,
this confirms that the SPS technique could effectively pre-
vent the reaction between Cu and WS,.

Fig.3 XRD patterns of WS,
powder and Cu/WS, composites
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3.2 Friction Coefficient and Wear Rate

Figure 5a shows the typical COF dependence on the test-
ing time for the Cu/WS, composites. Relatively significant
fluctuations in COF were observed when pure Cu was tested.
However, as more WS, particles were incorporated into the
Cu matrix, the COF curves became fundamentally differ-
ent. Compared to the COF of pure Cu, those of the Cu/WS,
composites obviously decreased and became stable during
testing. This could be ascribed to the different wear mecha-
nisms of the composites. The strong adhesive forces between

(a) = Pure Cu
— Cu-5WS,
0.6 |- — Cu-10WS,
— Cu-15WS,
= Cu-20WS,
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§ = Cu-30W S,
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= 0.4
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-
=
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Sliding time (min)

the worn surfaces and work hardening could be the main
factor influencing the tribological behavior of pure Cu. How-
ever, the WS, particles, as a solid lubricant, could prevent
the direct contact between the two sliding surfaces during
testing. The great reduction in COF of the Cu/WS, compos-
ites, compared to that of pure Cu, was probably due to the
smeared WS, layer between the two surfaces in contact. The
variations in the calculated average COF for the Cu/WS,
composites containing different volume fractions of WS, is
shown in Fig. 5b. As the volume fraction of WS, increased,
the average COF gradually decreased, from 0.43 for pure

(b) os

z

g

£

§oal [

“ ~

- .

S -~

» e

¢ F--..

S 02} . {

< "'f ----
oo 1 1 & 1 & 1 & 1 " 1 " 1

0 5 10 15 20 25 30

Volume fraction of \\'Sz (%)

Fig.5 COF of Cu-WS, composites; a typical COF curves and b average COF values

@ Springer



98 Page6of13

Tribology Letters (2019) 67:98

Cu to 0.21 for the Cu-20WS, composite. However, smaller
changes were observed when the volume fractions of WS,
were higher than 20%. The Cu-25WS, composite exhibited
the lowest COF value of approximately 0.16, which was one-
third lower than that of pure Cu. This confirms that adding
WS, can make a significant difference to the friction, and it
can be inferred that the tribo-film which was formed on the
sliding surface could provide lubrication (here, it also called
a “lubricating film”). Furthermore, the coverage area of the
lubricating film that formed during the friction testing was
considered to be the reason for the gradual decrease in COF
as the solid lubricant content increased [22, 25]. Because of
the good shear slip characteristics of the WS, particles, the
friction process allowed them to continuously rub on the
worn surface to form lubricative tribo-films. However, the
coverage area of the lubricative tribo-films did not always
increase before reaching a predetermined value by add-
ing WS,, because most of the worn surface was covered
with lubricative tribo-films, thus the COF did not change
significantly.

The wear track topographies for the Cu-5WS, and Cu-
25WS, composites are shown in Fig. 6a and b, respectively.
Generally, the wear volume of the wear track can be cal-
culated based on the wear track depth and the width of the
composite after friction testing. As shown in Fig. 6a, the
depth and width of the wear tracks of the Cu-5WS, com-
posites were approximately 150 and 1800 um, respectively.
In addition, the depth and width of the wear tracks of the
Cu-25WS, composites decreased to 80 and 1200 um, respec-
tively. Undoubtedly, the decreased depth and width indicated
that adding a certain amount of WS, to the Cu matrix could
effectively reduce the wear rate.

-10000 00 0 900 1000
Xl

Fig.6 Wear tracks topography for a Cu-5WS, and b Cu-25WS,

@ Springer

The average wear rates of the Cu/WS, composites accord-
ing to statistical calculations are shown in Fig. 7. It is obvi-
ous that the wear rate of the composites first increased and
then decreased as the volume fraction of WS, increased.
It can be seen from Fig. 7 that the Cu-10WS, composites
exhibited the highest wear rate. Pure Cu, which exhibits a
high COF, presents a fairly low wear rate, which may be
caused by its good inner interface bonding ability between
the same material phases as well as its high ductility. Mate-
rials exhibiting good interface bonding abilities and high
ductility can effectively prevent the initiation and propaga-
tion of cracks during sliding. It was unexpected that the wear
rates of the Cu-5WS, and Cu-10WS, composites increased
considerably as the amount of WS, increased. However, as
the volume fraction of WS, further increased to 25 vol%,
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Fig.7 Variation of average wear rates of Cu/WS, composites
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the wear rates of the composites no longer increased, but
decreased dramatically. Similar phenomena have also been
observed in other studies [22, 26, 27]. Generally, the COF
of the composites is closely related to the tribo-film cov-
erage area on the worn surface and the characteristics of
tribo-films. Moreover, the coverage area of the tribo-films
largely depends on the amount of solid lubricant WS, that
was squeezed out from the Cu matrix. More WS, squeezed
out from the Cu matrix with a higher quantity of added WS,
in the Cu matrix leads to a higher possibility of the forma-
tion of a tribo-film with a full coverage area on the wear
track. When the volume fraction of added WS, was rela-
tively small (less than 10 vol%), the mechanical properties of
the composites was reduced. In this case, the WS, squeezed
out from the Cu matrix was not enough to form a tribo-film
with full coverage area. Thus, the wear rate increased while
the COF decreased with the added WS,. However, when
more WS,(10-25 vol%) was added into the Cu matrix, the
WS,-rich tribo-film forming on the wear track can effectively
weaken the contact between the Cu matrix and the counter-
part. The shear strength between WS, layers was relatively
small, so both the wear rate and the COF decreased. When
too much WS, (more than 25 vol%) was added into the Cu
matrix, the disadvantages of the added WS, surpassed its
advantages in improving tribological properties, leading to
an enhanced wear rate. The reason is that too much WS,
will lead to pores and cracks, which are detrimental to the
mechanical properties of the composite [28].

3.3 Worn Surface and Composition Analysis

Figure 8 shows the SEM images of the worn surfaces of the
Cu/WS, composites. For pure Cu, severe cracks, adhesion
spalling pits, and smeared metal layers were observed on the
surface, as shown in Fig. 8a. Because of the good plasticity
of pure Cu, the strain hardening and fine crystal structure
were caused by the friction force. Then, the plastic defor-
mation ability of Cu became poor, leading to fatigue cracks.
Moreover, during friction, new worn surfaces and friction-
induced heat will be continuously generated. As a result,
adhesive wear will most probably occur between the Cu and
the counterpart, and oxidation will also take place due to the
exposure of the specimen to air atmosphere. Such a phe-
nomenon has also been observed in many other Cu matrix
composites [21, 29]. Thus, this indicated that the main wear
mechanisms of pure Cu are adhesive and oxidation wear.
The worn surface topographies of the Cu/WS, specimens
were totally different from that of pure Cu, as shown in
Fig. 8b—g. Adhesive pits were rarely observed while smeared
metal layers and grooves were seen on the worn surface.
The forming of smeared metal layers was closely related
to the repetitive grinding process on the wear track and the
continuous formation of wear debris. Due to the continuous

positive pressure acted on the worn surface, plastic defor-
mation occurred and the fresh wear debris would be rolled
repeatedly, leading to the formation of the smeared metal
layers. The grooves on the wear track were believed to be
generated by the hard asperities on the counterpart and the
wear debris plowing and grinding over the softer Cu matrix.
Moreover, it can also be inferred from the topography of
the worn surfaces that a tribo-film was formed on them.
Furthermore, the coverage area of the tribo-film increased
gradually and the worn surface became smoother with WS,
ranging from 5 to 25 vol%. However, the coverage area of
the tribo-film as well as the surface roughness decreased
when the WS, in the specimens exceeded 25 vol%. This
may explain why Cu-10WS, exhibited the highest wear rate
in all the Cu/WS, specimens. By comparing the topography
of the worn surface to that of pure Cu, as shown in Fig. 8a, it
can be concluded that the friction and wear mechanisms are
quite different for the former, the tendency of adhesive and
oxidation wear was greatly reduced, ande the tendency of
delamination and plowing was increased. The higher mag-
nification image of zone A in Fig. 8a is shown in Fig. 8h.
Many traces of cracks propagation can be clearly observed
which confirmed the formation process of adhesive spalling
pits. When the size of cracks increased beyond certain criti-
cal dimensions, materials between the surface and the cracks
could be removed from the copper matrix and become debris
after rubbing between the contact surfaces. Figure 8i, j are
enlarged views of the worn surfaces of zones B and C in
Fig. 8b, f, respectively. It can be clearly seen that some
smeared metal layers bulged on the tribo-film. More cracks
can also be observed between the smeared metal layer and
the tribo-film on the wear track of the Cu-5WS, specimen
than that of the Cu-25WS, specimen. The phenomenon of
was also indirectly related to the COF curve, as shown in
Fig. 6a. In summary, adding less than 25 vol% WS, to Cu
can effectively improve the tribological properties of the
material, while adding too much WS, was detrimental to
the mechanical and tribological properties of the material
under the current running conditions.

Figure 9 shows the EDS spectrum analysis of the worn
surface of Cu-25WS, after sliding wear testing. As shown
in Fig. 9a, the surface of the material mainly consisted of
a bright phase and a gray phase, where the main elements
of the bright phase were W and S, as shown in Fig. 9b, c.
It was suggested that the bright phase may contain a large
number of WS, while the gray phase mainly represents
the Cu matrix. However, the distribution of W and S after
sliding wear testing was significantly different from that
of the surface before testing. This was due to the fric-
tion process, when the tribo-film formed and uniformly
covered the surface of the material, thereby leading to a
good lubrication effect. We further analyzed the bright
region in Fig. 9a using EDS, and the results are shown

@ Springer
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Fig.9 EDS analysis results on the worn surface of the Cu-25WS,
composite

in Fig. 9d—f. It was found that the bright phase presented
obvious smearing effects on the surface of the wear track.
Therefore, it can also be inferred that some bright phase
may fill the microcracks or pits on the wear track because
of WS,. Furthermore, according to the EDS analysis, as
shown in Fig. 9e, f, it could be concluded that the phase
contained a large number of WS, and probably a small
amount of Cu,S. Generally, these sulfides benefit the for-
mation of lubricating tribo-films.

The elements from a random area scan on the wear
tracks of the Cu/WS, specimens were measured by EDS
using the same acceleration voltage and acquisition time.
The measured weight fractions of W + S in the composites
and the calculated weight fractions of W+ S which were
obtained by calculating the WS, addition are shown in
Fig. 10. It is easy to see that the measured value of the
total W and S was higher than the calculated value, and
that there was a prominent bulge on the dotted line marked
in the figure as the WS, increased from 10 to 25 vol%. This
indicated that the friction process might make the WS, and
the Cu,S inside the composites become squeezed out and
aggregated on the tribo-surface [30]. Therefore, it becomes
an important component of the tribo-film. In addition, the
phenomenon was obvious when the WS, was added to Cu/
WS, specimens between 10 and 25vol%.

30 _a—W+S (Measured value)

—o—W+S (Calculated value)

20 -

10 |-

Element content(wt%)

1 " 1 ) 1 L 1
0 10 20 30

Volume of fraction of WS5(%)

Fig. 10 Measured value and calculated value of W+S on the worn
surface for the Cu/WS, specimens

3.4 Analysis of Tribo-Film

The above tests and analysis have confirmed that a tribo-
film consisting of WS, and Cu,S was present on the worn
surface. To investigate the thickness and composition of the
tribo-film, the wear track of the Cu-25WS, composite was
characterized using the XPS etching analysis technique. As
seen in Fig. 11a, the intensities of two Cu2p peaks in the
XPS spectrum were 932.5 and 952.3 eV, respectively. As
the Ar* ion etching time increased, both the etching depth
and Cu content increased. However, the XPS spectra of S2p
and W4{ in the depth direction, as shown in Fig. 11b, c,
respectively, were obviously different from that of Cu2p.
The XPS spectra for S2p and W4f exhibited almost the
same tendencies in the depth direction spectrum. Due to
the inconsistencies in the change trends, it can be inferred
that the components of the tribo-film may not be entirely
composed of WS,, and some Cu,S could be detected on the
worn surfaces. The XPS spectrum of Ols presented an oppo-
site trend compared to that of Cu2p, as shown in Fig. 11d.
Before the etching process started, the content of Ols was
quite high. This was caused by the surface of the material
adsorbing oxygen from the atmosphere through physical or
chemical processes. This could have caused the contents
of other components to be relatively reduced. Figure 11e
shows the depth profile of the worn surface of the Cu-25WS,
composite. The results showed that, due to the influence of
the oxygen adsorption on the surface, the contents of other
elements were lower during the early stages of non-etching.
After removing the oxygen on the surface by etching, the
contents of other elements gradually increased, and the ele-
ments found in highest amounts on the surface of the mate-
rial were S and W. This indicated that the main components
of the surface lubricating film were S and W. The amounts
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Fig. 11 Evolution of XPS spectra as a function of etching time acquired on the worn surface of the Cu-25 WS, composite
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of S and W were rapidly reduced after etching the surface
for 90 s. Moreover, when the etching time exceeded 180 s,
no significant changes were observed in the atomic ratios of
S and W on the surface, which indicated that the tribo-film
containing higher S and W amounts had been etched away.
Moreover, the total amounts of W and S were also equivalent
to the content of WS, added to the material, and XPS etching
had been stopped at the time. Since the XPS etching rate was
0.33 nm/s, we could use the etching time of 180 s to calcu-
late that the maximum thickness of the tribo-film containing
WS, and Cu,S was approximately 60 nm.

To further analyze the characteristics, the composition
of the tribo-film and the combination between different
layers, a TEM sample was cut from the worn surface of
the Cu-25WS, specimen using FIB, as shown in Fig. 12a.

Fig. 12 a and b SEM images
of the TEM sample collected
from the worn surface of the
Cu-25WS, composite, ¢ TEM
image of the highlighted region
in (b), d HRTEM image of
corresponding region in (c), e
EDS line scanning of the region
marked A in (c), f EDS area
scanning of the region marked
Bin (d)

(a)

Figure 12b illustrates a snapshot of the final TEM sample
from the worn surface and the protective layer of Pt can
be clearly observed. From the foregoing analysis, it can be
predicted that the tribo-film should be under this protective
layer. In addition, Fig. 12c shows the bright field TEM of
the highlighted region in Fig. 12b at a higher magnifica-
tion from which can be seen the tribo-film located between
the Pt protective layer and the Cu/WS, matrix composites.
There were two kinds of morphology of the Pt protec-
tive layer because it was coated by an electron beam and
an ion beam, respectively. Meanwhile, some small stripes
were found in the tribo-film which might be due to a large
number of shear and plastic deformations occurring during
the friction testing. Also, there might be a good bonding
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between the tribo-film and the Cu/WS, matrix because no
obvious cracks were observed at the interface.

To determine the composition and phase distribution of
the tribo-film, an HRTEM micrograph of the highlighted
region in Fig. 12c is presented in Fig. 12d. The EDS line
and area scanning images of the region marked by A in
Fig. 12¢ and the region marked by B are shown in Fig. 12e
and f, respectively. Combined with Banalysis resulting from
Fig. 12cf, it can be concluded that there were two different
layers in the tribo-film, one with an irregular arrangement of
atoms, which is the oxygen-rich friction layer about 10 nm
thick, while the other is about 50 nm thick and called WS,/
Cu,S-rich layer. In addition, the oxygen-rich friction layer
was mainly composed of Cu and O while the other layer was
rich in W and S. Also, WS, and Cu,S with the crystal indi-
ces of (211) and (200) were analyzed by FFT, respectively.
Thus, it could be confirmed that the phases in WS,/Cu,S-
rich layer mainly contained WS, and Cu,S, and provided
evidence that the Cu,S and WS, would be squeezed out to
form the tribo-film, which could effectively reduce the direct
contact between the counterpart and BCu/WS, composites.
This played an important role in reducing the COF and wear
rates [31, 32]. Meanwhile, the irregularly atomic arrange-
ment might due to a large number of shear and plastic defor-
mations occurring during the friction testing. What is more,
all the results here were in good agreement with the results
of BXPS analysis.

Generally speaking, the way that most self-lubricating
composites reduce the COF is due to their low shear strength
between layers. However, in this work, the formation of
the oxygen-rich layer could potentially increase the shear
strength. The reason why there was no increase in the COF
and wear rates was closely related to the contact from the
point to the surface (ball to block) in the friction testing,
and it was quite different from the contact from surface to
surface. According to the results previously reported in the
literature, Bowden’s and Xiao’s [33, 34] ball to block tests
were caused by the combination of adhesion and plowing.
Thus, the tangential force (Ft) and the COF (u) can then be
written as

Ft:Fa+Fp 4)
Fa FP
;4=F+17=;4a+,up (5)

n n

where Fa is the adhesion force between the indenter and
the contacting material, Pp is the plow force by the plastic
deformation material, F, is the normal force, p, is the COF
of adhesion, and p, is the COF of plowing.

Previous studies [33-38] have shown that the plow-
ing force is generated due to the plastic deformation of
the composite while the adhesion force is related to the
shearing strength of the interface and contact area. By
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comparing the only WS,/Cu,S-rich layer formed on the
worn surface to the WS,/Cu,S-rich layer with a thin oxy-
gen-rich friction layer on it, it did not make a great differ-
ence to the plastic deformation of the composite. There-
fore, the COF of plowing would not obviously change.
In addition, the shearing strength of the interface in the
oxygen-rich friction layer had increased, but still had a
WS,/Cu,S-rich layer below it. It is easy to understand that
most of the plastic deformation would still occur in the
WS,/Cu,S-rich layer, because of its lower shear strength.
Therefore, it could be concluded that the structure of such
a tribo-film would not have a great impact on the shear-
ing strength during friction testing. However, the contact
area would be decreased because of the increase in hard-
ness of the tribo-film, so the COF of adhesion decreased
and the combination of adhesion and plowing decreased.
What is more, the structure of such a tribo-film with higher
hardness could effectively isolate the contact between the
counterpart and the matrix, which would have a beneficial
effect on reducing the wear rate. Thus, it had better wear
resistance.

4 Conclusions

Cu/WS, composites were prepared by using SPS, and the
effect of WS, on the microstructures, and tribological
properties, especially the tribo-films of the composites,
were also investigated. The following conclusions can be
drawn:

(1) The COF of the composites decreased significantly
when the WS, was lower than 20 vol% in the Cu/WS,
composites, and the COF of the composites did not
significantly decrease as the WS, increased beyond 20
vol%. The wear rate of the composites first increased
and then decreased as the volume fraction of WS,
increased, and the Cu-10WS, composite exhibited the
wear rate in this work.

(2) The WS, would be squeezed out from the Cu/WS, com-
posites to form a tribo-film on the wear track during
friction testing, and significant smearing track could
be observed on the worn surface.

(3) The tribo-film was approximately 60 nm thick and con-
tained a c.10-nm-thick oxygen-rich friction layer and a
¢.50-nm-thick WS,/Cu,S-rich layer in the Cu-25WS,
composites.

(4) This structure of the tribo-film could effectively isolate
the direct contact between the counterpart and Cu/WS,
composites, thus reducing the COF and the wear rate.
And it may make a guiding role in the design of the
tribo-film.
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