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Abstract: Silver based composites containing different amounts of WS, were prepared by hot-pressing method and their tribological
behaviors were investigated against coin silver under humid air, dry nitrogen and vacuum on a ball-on-disk tester with normal load of
5 N. The components of composites, microstructure of debris and worn surface were characterized using XRD SEM, EDS and XPS.
It is demonstrated that environmental conditions significantly affect the tribological behavior of silver based composites. The friction
coefficient is the highest in humid air, and the lowest in dry nitrogen. It is found that the friction and wear behavior of the composites
are strongly depended on the characteristics of the lubrication film forming in different operating environments, such as thickness
and composition. In addition, it is indicated that the dominant wear mechanisms of silver based composites are abrasive wear and

delamination under different conditions.
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1 Introduction

Silver matrix composites containing solid lubricant
are known as self-lubricating materials, which are widely
used as precision electrical contact elements in automatic
control systems and high performance motor of
aerospace industry [1]. It is well known that silver
possesses the highest electrical and thermal conductivity,
which results in the superior current carrying capacity.
However, the low mechanical property and high seizure
tendency with its counterpart during dry sliding are the
main obstacles for its application [2]. Transition metal
disulfides (MS,, where M is molybdenum or tungsten)
are known as solid lubricant, which are featured as a
laminar structure. The weak van der Waals force between
layers but strong covalent bond within the layer gives
rise to the easy shearing of basal plane of transition metal
disulfides, which resulted in the decrease of friction [3].
Aimed at the problems appearing in the application of
silver, the use of composites combining silver and
transition metal disulfides is the most effective way to
make full use of their advantages, and finally provides
antiwear and antifriction properties to sliding electrical
contacts [4]. In view of this, many research efforts have

been put forth on the factors related to the operating
performance of silver based self-lubricating materials,
including composition [5], testing parameters [6] and
rubbing conditions [7], and many valuable achievements
have been obtained.

At present, with the increase of the machinery
complexity as well as the broadening of operating range
and serve life, the improvement of operational
applicability of these materials in a wide range of testing
conditions, especially the solution to avoid adverse
impacts of friction on efficiency and reliability, remains
an issue of high engineering and scientific interest [8]. It
is common knowledge that the tribological behavior of
metal based self-lubricant composite is highly related to
the mechanical properties of the composites [9]. In
addition, more and more dedicated investigators have
realized that the enhancement of lubricating ability of
solid lubricants in severe environments is likely to be a
more effective way to control friction and wear-related
mechanical failures. Therefore, the research of the wear
mechanisms and the applicability of metal based self-
lubricant composites in various testing conditions, such
as elevated temperature, corrosive solution and atmos-
phere are gaining high momentum in order to extend
the practical applications of such materials [10,11].
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The tribological properties of copper matrix composites
containing MoS, and graphite were investigated with the
environmental temperature ranging from —100 °C to
100 °C and the pressures ranging from ambient to as low
as 107" Pa [12,13]. It has been found that the wear mode
was transformed from oxidation and mild abrasive wear
to severe adhesion as the testing condition changing from
air at 25 °C to vacuum at —100 °C. What’s more, the
mechanically mixed layer on the worn surfaces, derived
from work hardening, mechanical and chemical mixing
of the wear debris, played a key role in reducing friction
and wear. Operating atmosphere, such as inert gas as
well as humid air, was also found to have significant
impact on the tribological performance of metal based
self-lubricant composites. The tribological test of powder
metallurgical Ag—MoS,—G composites was conducted in
the mixture atmosphere of N, and O, [14]. It has been
illustrated that the friction was exacerbated with the
proportion of oxygen in O,/N, atmosphere increasing
due to the aggravated oxidation of MoS,. Similar
oxidation behavior was also detected on sputtered MoS,
solid Iubricant films [15—-17], and the oxidation
resistance and the wear life of such films will increase
when it is deposited by sputtering with the addition of
metal in a multilayer or composite structure [18—20].

In fact, WS, has a higher thermal stability
withstanding temperatures (100 °C) compared with
MoS, [21], which may provide a wider range of
application as a solid lubricant. Unfortunately, the
systematic study on the tribological properties of metal
based composites containing WS, in different
environments has been reported rarely. In addition, the
connection between the tribological behavior of such
materials and testing atmosphere has not been fully
understood. In this work, the tribological behaviors of
silver based composites containing different amounts of
WS, fabricated by hot-pressing method against coin
silver under humid air, dry nitrogen and vacuum were
investigated on a ball-on-disk tribotester. Meanwhile, the
composition and formation of tribolayer under different
environments were studied in detail, and this
investigation can provide some valuable information to
utilize the silver based composites.

2 Experimental

2.1 Material preparation

Atomized silver—copper alloy powder (2.5% copper
(mass fraction), 99.9% in purity, particle size <37 pm)
and tungsten disulfide powder (99.8% in purity, particle
size <l pm) were homogeneously mixed in a ball milling
jar for more than 24 h. The mixtures were then
hot-pressed at 25 MPa under the protection of pure
nitrogen atmosphere. The sintering process was carried

out at 900 °C and maintained for 20 min. The content of
tungsten disulfide in the prepared composites was varied
from 8% to 24% (mass fraction).

For further investigation of the mechanical and
tribological properties, the sintered materials were
machined into 3 mm x 3 mm x 30 mm and 3 mm X
3 mm x 10 mm in size, respectively. The density of the
composites was measured by the Archimedes principle.
The hardness of the sintered material was measured
using a Brinell hardness tester at a load of 625 N and ball
indentation of 2.5 mm. And the bending strength was
evaluated by a three-point bending tester. The
components of composites were characterized using
X-ray diffraction. Each test was repeated at least three
times and the average value was reported.

2.2 Friction and wear tests

The friction and wear properties of the prepared
composites were investigated using a pin-on-disc contact
geometry on a CSM tribometer (see Fig. 1). The
counterpart was coin silver with a Brinell hardness of
HB 120. The equipment with a closed hood would be
able to control atmosphere. When being tested in dry N,,
the hood was flushed with gas for about 20 min prior to
the test and with a continuous flow during the whole
tests to prevent any air to enter. Tests were performed in
dry nitrogen (RH <5%), humid air (RH 70%) and
vacuum (107 Pa), respectively. Prior to testing, the
contacting surfaces of both the coin silver disc and pin
specimens were lightly ground with 800, 1200, 1500 and
2000 grit SiC papers and then cleaned with acetone.
Generally, high stability and reliability are main features
for silver based self-lubricant materials used in precision
instrument, thus the operating conditions are
characterized as low load and speed. In this work, a
certain amount of exfoliated tungsten disulfide which
was proportional to the wear loss was necessary in order
to gain insight into its reaction with atmospheres.
Therefore, the sliding wear tests for AgCu—WS,
composite were carried out under a comparatively high
normal load of 5 N and sliding speed of 1 m/s. For each
sliding condition, the coefficient of friction was
continually recorded during the tests and the average
value was calculated for each test within the distance of
10000 m, besides each sample was weighed before and
after testing by a digital microbalance (0.1 mg in
precision). The wear mass loss was calculated from the
difference in the mass measured. The wear rate of the
composites was calculated using the following formula:
w=m/(pPs) [22], where w is the wear rate (m*/(N-m)); m
is the wear mass loss (g); p is the density of specimens
(g/cm’); P is the normal load (N); s is the sliding distance
(m). In order to obtain insight into the wear mechanisms
involved, the microstructures of the worn surfaces and
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loose wear debris were investigated using a scanning
electron microscope (SEM). X-ray photoelectron
spectroscopy (XPS) analysis of the composition of the
transfer film on the worn surface was also performed.

Seal box j— Gas outlet

-

rﬁ‘n

Gas inlet

Fig. 1 Simple atmosphere control principle diagram of CSM
tribotester

3 Results and discussion

3.1 XRD analyses and microstructure of composites
The XRD patterns of sliver—copper based
composites in Fig. 2(a) indicate that WS, and Ag are
dominate phases. The diffraction intensity of WS, is
weaker than that of Ag, due to their amounts being too

little. The metallographic structures of the Ag—Cu based
composites with 8%, 16% and 24% WS, (mass fraction)
are shown in Figs. 2(b), (c¢) and (d), respectively. The
black areas in silver—copper matrix are WS, particles and
these WS, particles are uniformly distributed throughout
the silver—copper matrix in the form of small-sized
aggregates. In addition, WS, aggregates grow with the
increase of WS, content in the composites, which is
resulted from the difficulty in uniformly dispersing large
amount of WS, by ball milling. It is the evidence of weak
interface bonding of silver—copper matrix composites
containing relatively high amount of WS,.

3.2 Mechanical properties of composites

The mechanical properties of the composites such
as relative density, Brinell hardness and bending strength
are investigated, as presented in Table 1. The relative
densities of the composites are over 98%, which
confirms the good sinterability of the composites.

The Brinell hardness of the composites increases
from HB 57.8 to HB 68.9 due to the increasing of WS,
content added into the composites as the reinforcement
constituent. The variation of bending strength of the
composites experiences a slight decrease with the
increment of WS, content. This can be attributed to the
relatively weak strength of AgCu/WS, interface bonding
as compared to that of silver matrix, which can be

(a) .
*— Ag
— WS,

40 50
20/(°)

Fig. 2 XRD pattern of sliver—copper composites (a) and metallographic structures of silver—copper composites with 8% (b), 16% (c)

and 24% (d) tungsten disulfide
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Table 1 Physical and mechanical properties of AgCu—xWS,
(x=8%—24%) composites

Mass fraction ~ Relative Brinell Bending
of WS»/% density/%  Hardness (HB) strength/MPa
8 98.6 57.8 185
12 98.7 60.4 171
16 99.6 63.3 169
20 99.2 65.8 174
24 99.4 68.9 160

susceptible to the crack nucleation under pressure. The
morphologies of fracture surfaces of the composites after
the bending test are shown in Fig. 3. Pulling-out of the
WS, plates can be clearly seen on the fracture surfaces. It
may be concluded that the poor bonding strength of
WS,—AgCu interfaces is the primary factor responsible
for the reduced bending strength of the composites.

3.3 Friction and wear properties

The average friction coefficients of the composites
with different WS, contents are shown in Fig. 4(a). When
the composites are tested in humid air, the friction
coefficients are reduced from 0.23 to 0.19 as the WS,
content is increased from 8% to 24%. And the

composites tested in dry nitrogen also exhibit a reduction
from 0.15 to 0.09. The result of the reduction of friction
coefficient with the increment of WS, content could
attribute to the formation of a WS,-rich transfer film on
the worn surfaces, which can prevent direct contact of
the pins with the rotating coin silver disc surface and
change the nature of contact from metal-metal to
metal—film—metal. More importantly, the WS, content in
the transfer film is highly related to the WS, content of
the composites. Hence, the composites containing higher
amount of WS, have superior antifriction properties. The
dynamic friction coefficients of the composites in
different environments are shown as a function of sliding
distance in Fig. 4(b). As can be seen in Fig. 4(b), the
friction behavior depicts marked changes whenever
environment is altered. For each composite, the value of
friction coefficient in air is significantly higher than that
in vacuum and dry N, environments. In addition, the
curves of friction coefficient in air exhibit relatively
larger amplitude of fluctuation. However, it is interesting
to note from Fig. 4(b) that the friction coefficient curves
in vacuum and dry N, environments are fairly smooth.
The obtained results confirm that the efficiency of
self-lubrication of WS, is influenced by testing
environments, and then it displays larger self-lubrication
level under vacuum and dry nitrogen than in humid air.

Fig. 3 SEM micrographs of fracture surfaces of silver—copper composites with different contents of tungsten disulfide: (a) 8%;

(b) 16%; (c, d) 24%
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Fig. 4 Friction coefficients of AgCu—WS, composites in
different environments: (a) Average friction coefficient;

(b) Dynamic friction coefficient

The wear rates of the composite in various sliding
environments are shown in Fig. 5. It can be observed that
the wear rates of the composites show decreasing trends
with the increment of WS, content in the composites.
Moreover, the effect of environments on the wear
behaviors is also remarkable. It is revealed in Fig. 5 that
the composites present the lowest wear rate in dry N,
environments, which might be due to the higher levels of
WS, content. Interestingly, a relatively low wear rate is
also achieved, when the composites are slipped in humid
air. However, the wear rate of the composites in vacuum
condition is the highest among the three testing
conditions, which does not follow the variation trend of
friction coefficients. Based on the above results, the
friction and wear behavior of AgCu—xWS,; (x=8%—24%)
composites are thoroughly different with the variation of
testing atmosphere. In addition, the effect of the
environments on the friction and wear behaviors is more
pronounced with the increase of WS, content in the
composites (as shown in Fig. 4 and Fig. 5) Therefore, in
the following sections, the worn surfaces and wear debris
of silver—copper based composites containing high
amount of WS, (AgCu—24%WS,) are analyzed in order

10
Humid air
. o Vacuum
D g 8 Dry nitrogen
T 7
zZ. . 5.84
£ S 48 470
i 409
= 3.90 5 s
i"/ 4
<
e 3 213 2.08
8 2 1.73 1.61 126
= 094
1 0.72
0
12 16 20 24

Mass fraction of WS,/%

Fig. 5 Relation between testing environments and wear rate

to demonstrate the relation between testing environments
and tribological behaviors of the self-lubricating
composites.

3.4 Characterization of worn surfaces and wear

debris

The typical morphologies of worn surfaces of the
AgCu—24%WS, composite in the three testing
conditions are shown in Fig. 6. There are considerable
abrasive grooves and wear fragments on the worn
surface tested in air, which is due to the ploughing of
hard particles, such as surface asperities, and
work-hardened wear debris generated during repeated
sliding contact. Moreover, the high-magnification SEM
image of the worn surface (Fig. 6(b)) shows the presence
of cracks generated by the spalling or delamination
process. Delamination is a fatigue-related wear
mechanism and is created by the repeat sliding-induced
subsurface cracks on the wear surface that gradually
grow and eventually extend to the surface. It is believed
that these cracks have a direct relation with the
morphologies of wear debris and the wear loss of
composite [23]. It can be observed in Fig. 6(c) that the
worn surface tested in vacuum is less coarse than that in
air; however, there are considerable amounts of surface
damages, as shown in Fig. 6(d). The surface damage is
characterized as delamination scars and many voids
filled by fine fragments, which indicates the strong
adhesion and seizure between the two contact surfaces.
Sliding test performed under vacuum allows the
preparation of the surface of low degree contamination,
thus the surface of the composites will be covered by an
oxide film which may be only a few nanometers
thick [15]. Adhesion between the composites and the
coin silver surfaces becomes very large when this thin
oxide film is melt off by the frictional heat at the
beginning of the sliding, which aggravates the wear loss
of the composites in vacuum. Figures 6(e) and (f) exhibit
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Fig. 6 Low and high magnification images of worn surfaces of AgCu—24%WS, tested in different environments: (a, b) Humid air;

(c, d) Vacuum; (e, f) Dry nitrogen

the worn surface of the composite tested in dry N,
environment. As can be seen, the surface has a high
flatness, although a few abrasive grooves can also be
observed; moreover, it should be noted that no obvious
breakage is found on the worn surfaces. The superior
tribological properties of the composites in N, condition
indicate the protective effect of N, during sliding.

The types of wear debris offer clues to the wear
mechanisms involved. Figure 7 shows the typical SEM
micrographs of the collected wear debris of AgCu—
24%WS, composite in three testing environments. Thin
sheet-like debris along with ribbon-like, long wear debris
collected on the worn surfaces of the composites sliding
in air, as shown in Fig. 7(a), is typical of delamination

and abrasive wear. However, fine equiaxed particles and
large layered sheet-like debris are observed while sliding
in vacuum. It has been reported previously [24] that
when two clean solid surfaces brought into contact in
vacuum environment, micron-sized contact junctions
exhibiting strong adhesion between contacting metals
would be formed, which may be responsible to the initial
high friction coefficients of the composites sliding in
vacuum (Fig. 4(b)). The generation of fine equiaxed wear
debris might be attributed to the breakage of these
adhesion junctions between the contact surfaces by
tangential stress, and the large layered sheet-like debris
indicates the occurrence of delamination-related wear on
the composite. In the case of sliding in dry N,, the wear



2208 Ji-si WU, et al/Trans. Nonferrous Met. Soc. China 27(2017) 2202—-2213

process of the composite generally tends to form
relatively small size wear debris, which is similar to the
fine-equiaxed particles collected on the worn surfaces
tested in vacuum. Besides, thin sheet-like debris also
appeared but the amount and size of the wear debris were
much less than those in other two testing environments.
The above findings about the morphologies of wear
debris together with the worn surfaces sliding in dry N,
(Figs. 6(e) and (f)) illustrate that the plastic deformation
of the composite during repeated sliding is comparatively
slight, and the dominant wear mechanisms of the
composite sliding in N, are mild adhesion and
delamination.

tested in different environments: (a) Humid air; (b) Vacuum;

(c) Dry nitrogen

3.5 XPS analysis of worn surfaces

In order to obtain insight of the characteristics of the
transfer film formed on the worn surfaces, XPS analyses
of the worn surfaces are conducted and illustrated in
Fig. 8. The intensity of the W 4f, and S 2p peaks which is
proportional to the relative molar fraction of these
elements on the outermost worn surface is much higher
than that in the matrix, which confirms the accumulation
of WS, on the worn surface during sliding. An ion
etching technique affiliated with XPS was also used to
measure the thickness of the transfer film. The
accumulated ion etching time was in the range of 0—90 s
and the ion etching speed was about 0.7 nm/s. The
variation of relative molar fraction with etching time is
given in Table 3. According to the method [9] to
determine the area fraction of the solid lubricant on the
worn surface, it can be calculated that about 58% and
83% of the worn surface area was covered by WS,
transfer film when the composite slide in dry N, and
vacuum, respectively, compared to only 30% in the
composite. And for the composite sliding in humid air,
about 44% (molar fraction) of oxygen was detected on
the worn surface, which demonstrates the formation of
an oxidation film on worn surface. The thickness of the
transfer film can be also calculated, according to Table 3.
The molar fractions of W and S elements experience a
decreasing trend with the increment of etching depth. For
the composite tested in dry N,, the molar fractions of W
and S elements were reduced to 6.26% and 8.95%,
respectively, as the accumulated etching time reached
90 s, which is consistent with the WS, content in the
matrix; hence, the thickness of WS, film is about 60 nm.
However, when the composite slide in vacuum, the
relative molar fraction of W and S elements almost
stayed constant as the etching time exceeded 30 s; thus,
the thickness of the WS, film is less than 20 nm.

Figure 9 shows the typical XPS spectra of W 4f of
AgCu—24%WS, composite on the outermost worn
surface tested in various environments. A marked change
of the spectrum shape can be observed when the test
condition varies from air to dry N, environment and the
unremarkable variation between the composite tested in
contamination-free environments (without water vapor
and oxygen) and the as-prepared composite indicates the
ratios of various W valence states vary with the test
environment due to the formation of W oxides. As
previously reported [25,26], the binding energy of W 4f
will be shifted to the higher energy side as the WS, is
oxidized, and the binding energies of W 4f from WS,,
WS,0, and WO; are located at 32.7, ~33.8 and ~35.3 eV,
respectively. The low sulfur compounds of WS,0, and
WO; are the oxidation products of WS, which might be
formed during the fabrication and sliding process of the
composites. To precisely identify the change of tungsten
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Fig. 8 XPS spectra of W 4f, S 2p and O 1s of composite tested in different environments: (a,, a;) Dry nitrogen; (b;, b,) Vacuum;

(c1, ¢, ¢3) Humid air

Table 3 Relative molar fractions (%) of partial elements with

variation of etching time

44 42 40 38 36 34 32 30 28170 168 166 164 162 160 158 156540 538 536 534 532 530 528 526

Binding energy/eV Binding energy/eV

Etching In humid air ni'?r(ign In vacuum
time/s
w S 0] W S W S
0 11.30 19.10 44.06 19.74 28.33 18.22 30.33
30 1272 1552 2521 1222 2080  7.23 930
60  10.43 11.18 1427 8.68 1487 519 7.87
90 7.78 10.80 8.00 626 8.95 5.67 8.01

containing compound in different conditions, the W 4f
spectra were fitted using the Lorentzian—Gaussian
function, as illustrated in Fig. 9. The results show that the
tungsten valence states of as-prepared composite consist
of a great deal of W*" as in WS, along with a few of W""
as in WS,0,, while only a small fraction (less than 10%)
of W as in WO, is detected which is due to the slight
oxidation of WS, during sintering processes. Similar
results about the tungsten valence states have been
detected on the worn surface of the composite sliding in
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Fig. 9 Fitted XPS spectra of W 4f of AgCu—24%WS, composite tested in different environments: (a) Humid air; (b) Vacuum; (c) Dry

nitrogen; (d) As-prepared composite

dry N, and vacuum environments, which demonstrates
that the laminar WS, is largely retained after sliding.
Similar oxidation behavior has been detected on the WS,
film by GUSTAVSSON et al [27]. However, the worn
surface sliding in air was seriously oxidized, and the
relative molar fraction of W® as in WO; is about 83%
which is 4 times higher than that of W*" as in WS,. This
means that most of the laminar WS, on the contact area
is transformed into WO; which displays almost no
lubricating effect; in other words, there remains only a
small amount of WS, which is much less than the
nominal content in the composites, acting as lubricant.
The above findings demonstrate that the Iubricating
ability of WS, is largely restricted in humid air, which
explains the higher fluctuation and value of friction
coefficients tested in air than those tested in other two
contamination-free environments.

4 Discussion

The distinct tribological behaviors of the
composites in the three testing environments demonstrate
that the lubricating ability of WS, is significantly
affected by the chemical/physical reaction between WS,

and the test atmosphere (water vapor, oxygen and
nitrogen). Figure 10 shows the schematic diagram of
possible reactions between WS, and atmosphere. It is
well known that good lubricating property of the lamellar
solid lubricants such as WS,, MoS, and graphite is due to
the lamellar crystal structure, the weak van der Waals
bonding between the lamellae and the low shearing force
of the layers responsible for the low friction. In the
present work, as the sliding goes on, the wear of the
metal matrix occurs, and meanwhile, WS, particles are
also squeezed out from the subsurface of the matrix to
the sliding surface. The integrity of the crystalline of
WS, is partially destroyed by friction force; thus, active
sulfur atoms or dangling covalent bonds at the newly
exposed edges are formed. In the case of humid air, the
presence of humidity and oxygen can lead to
considerable deterioration of the lamellar structure of
WS,. As reported previously [28,29], water molecules in
the humid air will adhere to dangling bonds and active
sulfur atoms of WS, at edge sites and defects, and this
adhesion will alter the electron distribution in the
crystallites by attracting electrons, which results in
reduced repulsion or even attraction between the
lamellae and thus significantly high shear strength. This
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leads to an increased friction. The water is also suggested
to form hydrogen bonds between the planes [27]. The
H-bond will connect the lamellae together and strengthen
the adhesion. Oxygen is another factor causing the
structure deterioration of WS, by oxidizing or
substituting of sulfur within WS, by oxygen (as
schematically illustrated in Fig. 10), because of the
generation of low sulfur compound of WS,0,, and WO;.
When being tested vacuum and dry N,, the composites
exhibit lower friction coefficients, which indicates the
superior friction-reducing ability of WS, in vacuum and
dry N,. More importantly, owing to the physical
absorption of N, to the active sulfur atoms and the gap
between two basal planes [15], the passivation of
dangling covalent bonds occurs which allows easy slip of
the two basal planes; hence, the lubricating efficiency of
WS, is largely enhanced. As a consequence, the low
friction coefficient is obtained by the composites sliding
in dry N, even though the minimum amount of WS, is
smeared on the sliding surface (Fig. 11(a)). In addition,
Ag phase was dispersed in the thick WS, film during the
friction and wear process, and the Ag-rich surface layer
is formed due to the plastic flow of Ag on the film
surface, which can prevent the shearing deformation of
WS, film and improve the resistance of crack
initiation and propagation [30,31]. As a result, the
tribological ~ properties of  sliver—copper  based
composites are improved and wear life of composites is
extended.

There are considerable factors related to the wear

pe

XX

« Sulfur atom ¢ Tungsten atom

Vacuum

® Oxygen atom

- Humid air

loss of the silver self-lubricating composites, such as
hardness of the matrix [32], the coverage area and
adhesion ability of lubricating film on the worn
surfaces [33]. According to the distinct wear behaviors of
the composites tested in the three different environments
in this work, sliding atmosphere also has a major impact
on the wear rates by changing the nature of transfer film
on the worn surface. In vacuum environment (Fig. 11(b)),
as mentioned before, the strong adhesion between the
contacting samples aggravates the wear; besides, during
sliding the temperature of contacting surfaces is high
because there is no air convection for cooling during
sliding, and the high flash temperature may soften the
formed transfer film which might be quickly removed by
the sweeping action of sliding surfaces [22]. Thus, the
detected film thickness in vacuum is below 20 nm which
is much thinner than that formed in dry nitrogen. As a
consequence, the transfer film would be self-healed to
maintain dynamical equilibrium of the sliding contact in
the expense of severe wear of the softer AgCu—WS,
composites. Similar observations were reported on
Cu—MMC operated in vacuum [12]. In humid air, the
accumulation and compaction of the wear debris as well
as the oxidation of the worn surface can give rise to the
formation of a continuous protective film (the dark area
in Fig. 11(c)) which is derived from work hardening,
mechanical and chemical mixing of the wear debris and
other contaminants in the surface material, therefore,
mild wear of the composites sliding in humid air is
observed.

6 Water molecule

@ Nitrogen molecule

- Dry nitrogen

Fig. 10 Schematic illustration of interaction between WS, and atmosphere during sliding

31|

Fig. 11 Optical images of wear tracks of coin silver tested in different environments: (a) Dry nitrogen; (b) Vacuum; (c¢) Humid air
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5 Conclusions

1) The analysis of the features of the transfer film
on the worn surface tested in various environments
reveals the enrichment of WS, on the worn surfaces
during sliding, and the WS, content on the worn surfaces
is a dominant factor directly related to the friction
coefficient and wear rate of self-lubricating composites.

2) In humid air, higher friction coefficients and
fluctuations of are obtained. However, the wear
resistance of the composites is improved due to the
protection of the oxidation film formed on the worn
surfaces. When being tested in dry N,, the lubricating
efficiency of WS, is largely improved, therefore, reduced
friction coefficients and wear rate are obtained. In
vacuum, the friction coefficients of the composites are
also at a relatively low level but the wear rate is the
highest, due to the weak adhesion of transfer film to the
worn surfaces.

3) The prominent wear mechanism of the
composites sliding in humid air is abrasive wear as well
as delamination. In addition, strong adhesion is observed
on the worn surfaces tested in vacuum; while in dry N,,
mild adhesion and delamination are dominant.
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