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Current-carrying sliding is widely applied in aerospace equipment, but it is limited by the poor lubricity of the present
materials and the unclear tribological mechanism. This study demonstrated the potential of MoS,-based materials with
excellent lubricity as space sliding electrical contact materials by doping Ti to improve its conductivity. The tribological
behavior of MoS,-Ti films under current-carrying sliding in vacuum was studied by establishing a simulation evaluating
device. Moreover, the noncurrent-carrying sliding and static current-carrying experiments in vacuum were carried out for
comparison to understand the tribological mechanism. In addition to mechanical wear, the current-induced arc erosion
and thermal effect take important roles in accelerating the wear. Arc erosion is caused by the accumulation of electric
charge, which is related to the conductivity of the film. While the current-thermal effect softens the film, causing strong
adhesive wear, and good conductivity and the large contact area are beneficial for minimizing the thermal effect. So the
moderate hardness and good conductivity of MoS,-Ti film contribute to its excellent current-carrying tribological behavior
in vacuum, showing a significant advantage compared with the traditional ones.

Keywords: MoS,-Ti films, conductivity, current-carrying tribological behavior, vacuum

PACS: 62.20.Qp, 81.15.Cd

1. Introduction

Sliding electrical contact materials guarantee the trans-
mission of signals and current of the space equipment, such
as the slip ring for solar windsurfing. In selecting traditional
sliding electrical contact materials, the focus is mainly on the
electrical conductivity of the materials. Au is often used as
a space sliding electrical contact material.['] However, de-
spite its excellent electrical conductivity, its service life fails to
meet new requirements because of its insufficient lubricity !
Thus, new sliding electrical contact materials should be de-
veloped. MoS; is an excellent space lubricating material,
and it has been widely applied to the space environment.>~7!
Nonetheless, it remains limited because of its poor electrical
conductivity. Fortunately, adding metals to MoS; films is con-
sidered as an effective method for improving not only their
electrical properties but also their mechanical and tribological
properties.®121 Ti is a good additive candidate because of its
unique electrical and mechanical properties. Thus, MoS,-Ti
composite (MOST) films as sliding electrical contact materi-
als were investigated in the current work.

The wear mechanism of sliding electrical contact materi-
als is complex. It exists in the form of mechanical wear with-
out load current and electrical wear with load current.[!3-13]
Moreover, many experiments have been conducted in an at-
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mospheric environment, and some progress has been made

[16-211 However, conduct-

with regard to the wear mechanism.
ing current-carrying friction studies in vacuum, remains dif-
ficult thus far mainly because harsh and complex service en-
vironments, vacuum and current, are not easy to simulate. In
the current study, a ball-on-disc reciprocating sliding vacuum
tribometer equipped with a current control system was built to
simulate a real space environment. The results should provide
reliable guidance for the development of space sliding electri-
cal contact materials.

Based on this, in the present study, Ti-doped MoS; films
with different Ti contents were deposited using unbalanced
magnetron sputtering equipment. Meanwhile, the behaviors
of MOST films under current-carrying sliding, non-current-
carrying sliding and static current-carrying conditions in vac-
uum were investigated. Finally, vacuum tribological mecha-
nism of MOST films under current-carrying conditions was
discussed.

2. Experiment details
2.1. Film preparation

MoS,-Ti (MOST) composite films were deposited on
substrates (mirror-polished Si (100) and stainless steel (Sus-
304)) by using closed field unbalanced magnetron sputtering

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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equipment (Teer plasma CF-800), with MoS, target and Ti tar-
get in argon (purity 99.99%) plasma. The substrates were se-
quentially cleaned with acetone and deionized water by using
ultrasonic waves for 20 min and then dried. After the clean-
ing treatment, the substrates were transferred into a deposition
chamber. The substrates were then cleaned by plasma etching
with Ar ions for 20 min to remove the native oxides on the sur-
face when the chamber pressure was below 3.0x1072 Pa. A
Ti interlayer with a thickness of 250 nm was deposited on the
substrates by magnetron sputtering to enhance the adhesion
strength of the substrate and films. Then, films with different
Ti contents were prepared by tailoring the current of the Ti
target. The sputtering current of the MoS, target was fixed at
1.2 A. The sputtering current settings of the Ti target were 0 A,
0.2 A,04 A, 0.6 A and 0.8 A, and the corresponding samples
were labelled as MOST-0%Ti, MOST-4%Ti, MOST-8%Ti,
MOST-12%Ti, MOST-16%Ti, respectively. The MOST-0%Ti
film was deposited for 3 h and other films were deposited for
4 h.

2.2. Evaluation of current-carrying tribological properties

Evaluating the current-carrying tribological properties of
the films deposited on stainless steel by a CSM ball-on-flat
tribometer equipped with a vacuum chamber and a current-
controlling device, as shown in Fig. 1. The current-carrying
friction tests were conducted at a speed of 5 cm/s, a recip-
rocating amplitude of 5 mm, a constant load of 5 N and DC
electric currents of 0 A or 1 A. A steel ball (GCrl15, with a di-
ameter of 6 mm) was used as the counterpart. The friction tests
started when the pressure of the chamber reached 5x 1073 Pa
and stopped when the duration of the test reached 1800 s or
the friction coefficient reached 0.3. The friction tests were
repeated at least three times. The MOST films were further
studied when the current was 1 A without sliding under the
same experimental conditions.

2.3. General characterization of the films

The morphology of the original surfaces of the MOST
films was analysed using a field emission scanning elec-
tron microscope (FESEM, Apreo S, Thermo Fisher Scientific,
America), and the chemical compositions were evaluated us-
ing by a Kevex Sigma energy dispersive x-ray spectrometer
(EDS). The films deposited on the Si substrates were destroyed
to observe their cross-sectional morphology by the FESEM
(SU8020, Hitachi, Japan). Four-point probe sheet resistance
measurement (MCP-T610, Loresta-GP, Japan) was used to
measure the electrical resistivity of the films deposited on the
Si substrates; at least five areas were measured to reduce er-
rors. The real-time contact voltage between the MOST films
and the steel ball during friction was measured by a multime-
ter (Fluke 8846A, America). The hardness of the MOST films

was measured with a nanoindenter (NHT2, CSM, Switzerland)
equipped with a Berkovich diamond probe tip. Each test was
repeated at least five times to reduce errors.

Vacuum
chamber

3 Current

control

4 system
|

e ———
Sliding direction

Fig. 1. Diagram of simple test device. 1. Fixture of counterface ball;
2. steel ball (6 mm); 3. sample; 4. fixture of the sample. The dark yel-
low color is copper, which has good conductivity, whilst the blue color
represents the insulation.

2.4. General characterization of wear tracks and wear
scars

The morphology of wear tracks on the films was anal-
ysed using FESEM (Apreo S, Thermo Fisher Scientific, Amer-
ica), and the chemical compositions were evaluated using
the Kevex Sigma EDS. The surface of the counterface balls
and films was investigated using an optical microscope (OM,
Olympus STM6, Japan). Raman spectrometry (Raman, Ren-
ishaw, UK) equipped with a 532 nm laser was used to an-
alyze the structure of the wear scars on the surfaces of the
steel balls. The 3D morphology and cross-section profile of
the wear tracks were observed, and the wear volume (V;,,) was
measured using a 3D non-contact surface profilometer (Micro
XAM). The wear rate (W) can be calculated by

Vin
W= F.S ey
where Vy, is the wear volume (mm?), F,, is the normal load (N)
and S is the sliding distance (m).

3. Results
3.1. Microstructure and properties of MOST films

The EDS was used to analyse the Ti content of the films.
The results are shown in Table 1. The Ti content in the films
increases with the increased sputtering current of the Ti target.
The Ti content in the MOST films increases from 3.94 at.% to
15.98 at.% as the sputtering current of the Ti target increases
from 0.2 A to 0.8 A. The electrical resistivity of pure MoS; is
out of range, thereby showing that the MoS, film has very poor
electrical conductivity. The electrical resistivity of the MOST
films decreases with the increasing Ti content in the composite
films. The results shows that Ti doping in MoS; is beneficial to
improve the conductivity of MoS; films. Moreover, Ti doping
in MoS; films improves their hardness, because of the solid

solution hardening effect, reported by Teer et al. 1?1
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Table 1. Ti content, electrical resistivity, and hardness of films.

MOST-0%Ti MOST-4%Ti MOST-8%Ti MOST-12%Ti MOST-16%Ti
Ti content in the 0 3.94 8.44 12.24 15.98
film (at.%)
Electrical
ectrica - (2.06-0.08)x 103 (1.8040.07)x 105 (1.5540.03)x 105 (1.2840.03)x 105
resistivity (Q-m)
Hardness (GPa) 1.5240.11 3.7940.30 4.9240.10 5.2440.19 5.76+0.42

e

2.96 um

3.04 pm

Fig. 2. FESEM images of surface and cross-sectional of films: (a)
MOST-0%Ti; (b) MOST-4%Ti; (c) MOST-8%Ti; (d) MOST-12%Ti;
(e) MOST-16%Ti.

Figure 2 shows the cross-sectional and surface morphol-
ogy of the MOST films. In contrast to the MOST-0%Ti film,
MoS; films show a decrease in the grain size with the increase
of Ti doping. The films gain a dense columnar structure with
the incorporation of Ti, and the special structure is beneficial
to improve the mechanical properties of the films. Therefore,
Ti doping can effectively improve the mechanical properties
and reduce the grain size of MoS; films, as described in previ-
ous reports.[1-2224] Interestingly, the thickness of the MOST-
0%Ti film is similar to that of the MOST-8%Ti film despite
having the shortest deposition time mainly because of the im-

proved film compactness by Ti doping.

3.2. Vacuum tribological properties of MOST films under
current-carrying

Figure 3(a) compares the friction coefficients of the
MOST films when the current is 1 A. The pure MoS; film
has a higher friction coefficient and a short wear life than the
MOST composite films. The friction coefficient decreases and
wear life increases when doping Ti in the film. However, the
wear life is short when the Ti content increases to 16 at.%.
This phenomenon indicates that an optimum Ti content im-
proves the tribological properties of MoS; films when the cur-
rent is 1 A. The real-time contact voltage between the films
and the steel ball during friction was monitored with a com-
puter, as shown in Fig. 3(b). The 3D morphology and cross-
section profile of wear tracks are shown in Fig. 3(c). The
contact voltages of MOST-0%Ti, MOST-4%Ti, and MOST-
16%Ti had large fluctuations, but the contact voltages were
kept at a relatively low level, which is originated from the fail-
ure of the films (Fig. 3(c)). Before the friction, 1 A current was
applied in the contact area between the film and counterface,
the contact voltage decreases with increasing the Ti content,
which is consistent with the conductivity of films. Moreover,
for the MOST-4%Ti, MOST-8%Ti, and MOST-12%Ti films,
the contact voltages and friction coefficient are stable before
200 sliding cycles, indicating the films were not worn out in
this stage. And the contact voltage decreases with increasing
Ti content. Therefore, doping Ti can improve the electrical
contact state of the film. In particular, the MOST-4%Ti film
becomes worn out completely. However, it maintains a stable
friction coefficient in the later stage of friction. The friction
coefficient curve has an opposite trend with the contact voltage
curves, that is, the friction coefficient increases as the contact
voltage decreases. This interesting phenomenon is explained
in the following discussion. The MOST-12%Ti film shows the
local wear, which can cause the friction coefficient to fluctu-
ate. The MOST-8%Ti has the lowest wear track depth, but its
contact voltage is the highest.

To further analyse the differences in the tribological per-
formances of the MOST films with different electrical con-
ductivities under current-carrying conditions, the wear tracks
of the films were observed by FESEM. The pure MoS, film
shows flaky peeling on the edge of the wear track (Fig. 4(a)),
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indicating strong adhesion is formed on the edge of wear track.
The morphology of the wear track of MOST-4%Ti (Fig. 4(b))
is similar to that of MOST-0%Ti. With the increasing Ti con-
tent, the peeling on the edge of the wear track is not ob-
vious. As shown in Fig. 4(c), the wear track only shows
some ploughs, which indicates that the wear mechanism of the
MOST-8%Ti film is mainly abrasive wear. The wear track of
MOST-12%Ti has a discontinuous erosion pit inside the wear
track. It implies that the wear mechanism of the MOST-12%Ti
film is mainly adhesive wear. Figure 4(e) presents the EDS

0.3

images of the wear track on MOST-12%Ti with a 1 A current.
The depth of the partial area of the wear track on the MOST-
12%Ti film is greater than the thickness of the film (Fig. 3(c)).
The result can prove the occurrence of a local failure. There-
fore, Fe in the failure area originates from the 304-stainless
steel substrate. In addition, S and Ti are distributed in other
areas evenly, and oxygen is minimal. The small amount of
oxygen is due to the fact that oxidation does not easily occur

in a vacuum environment.
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Fig. 3. (a) Friction coefficient curves, (b) contact voltage curves during friction, (¢) 3D morphology and cross-section profile of wear tracks of

MOST films under a current of 1 A.

50, um

50, wm

Fig. 4. FESEM image of wear tracks on films when the current is 1 A: (a) MOST-%Ti, (b) MOST-4%Ti, (c) MOST-8%Ti and (d) MOST-12%Ti;

(e) energy dispersive spectroscopy images of yellow frame in (d).
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3.3. Vacuum tribological properties of MOST films with-
out current

The friction behavior of the MOST films without current
was studied, as shown in Fig. 5. The pure MoS, has a higher
friction coefficient than the Ti-doped MoS; films. Moreover,
the wear rate decreases with increased Ti content when the cur-
rent is 0 A. Therefore, Ti improves the wear resistance of the
MOST films. However, the MOST-16%Ti film has the short-
est wear life even under a current of O A. This result indicates
that a large amount of titanium doping exerts a negative effect

0.20 . . .
(a) .
——MOST-0% Ti
£ oash —— MOST-4% Ti
g —— MOST-8% Ti
&= ——MOST-12% Ti
[ .
S 0.0} MOST-16% Ti |
g
.2
s
5 0.05 } 1
e
0 1 1 1
0 500 1000 1500 2000
Time (s)

on the tribological properties of MoS, films.

Figure 6 shows the FESEM images of the wear tracks on
the MOST films when the current is 0 A; these wear tracks
only exist in some ploughs. With the increasing Ti content of
the MOST films, the ploughs are not obvious because of the
improved film hardness. The EDS images of the wear tracks
on MOST-12%Ti without current are shown in Fig. 6(e). All
elements are evenly distributed over the entire surface, includ-
ing the surface and wear track. Thus, abrasive wear is mainly
the wear mechanism when the current is 0 A.

2000 T T T T

—2000f 1

Depth (nm)

—4000F —MOST-0% Ti — MOST-4% Ti 1
—MOST-8% Ti — MOST-12% Ti
MOST-16% Ti
_6000 1 1 1 1
0 90 180 270 360 450

Length (pm)

Fig. 5. (a) Friction coefficient curves and (b) cross-section profiles of wear tracks on MOST films under a current of 0 A.

100 um [

50 um

100 um 100 pm

Fig. 6. FESEM image of wear tracks on films under a current of 0 A: (a) MOST-0%Ti, (b) MOST-4%Ti, (c) MOST-8%Ti and (d) MOST-12%Ti;

(e) energy dispersive spectroscopy image of yellow frame in (d).

Fig. 7. Optical microscopic images of wear scars on the surface of the steel ball: (a) 0 A, (b) 1 A.

The morphology of the wear scars with and without cur-
rent is clearly shown in Fig. 7. The morphology of the trans-
fer films with a current seems to be thicker than that with-
out a current. When the current is 1 A, the transfer film is
gray (the area marked with a red circle) and inhomogenous

(Fig. 7(b)). It is colored (marked by the white circle) and ho-
mogenous when the current is 0 A. The gray area indicates
thicker transfer. Combined with the morphology of the wear
tracks, the current caused the serious adhesive wear, thus pro-
moting the local transfer from the film to the counterface and
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forming a thick and inhomogenous transfer film in vacuum.
Wang et al.!!>2%! found that thick transfer films easily form
under current-carrying conditions in air; hence, current could
play the same role in different environments.

The average friction coefficient in the stable friction stage
and wear rate under different conditions were compared, as
shown in Table 2. The average friction coefficient and wear
rate of the MOST films when the current is O A are lower than
those in the condition with current, showing that th current has
a negative effect on the tribological properties of the MOST
films. The high wear rate under current-carrying originated
from the strong adhesion wear. Moreover, the strong adhe-

sion between film and counterface promotes the formation of
thick and inhomogenous transfer film in vacuum, which is the
main reason for the high and waved friction coefficient under
current-carrying conditions. It is worth noting the wear differ-
ence of MOST-8%Ti and MOST-12%Ti films under different
conditions; the wear rate of MOST-12%Ti film is lower than
MOST-8%Ti film under non-current-carrying conditions, but
the wear rate has an opposite trend under current-carrying even
though the MOST-12%Ti film has better conductivity. Thus,
the conductivity of the film is not the only factor that affects

the current-carrying tribological properties of the film.

Table 2. The average friction coefficient and wear rate of MOST films.

MOST-0%Ti MOST-4%Ti MOST-8%Ti MOST-12%Ti MOST-16%Ti
Average friction coefficient 0 A 0.025+0.003 0.014+0.001 0.017+£0.002 0.0180.002 0.016£0.006
1A 0.054+0.024 0.034£0.008 0.017+£0.005 0.018+0.007 0.195+0.067
Wear rate (mm?3/(N-m)) 0A (1.2540.02)x107%  (0.5340.06) x107%  (0.2940.02)x10~%  (0.1840.01)x 10~ -
1A - - (0.6140.02)x107%  (0.74+0.06)x 106 -

3.4. Morphology of films and steel balls under the static
current-carrying condition

A special experiment involving a static test was designed
to understand the damage of current to film, as shown in Fig. 8.
The morphology of the films and steel balls was observed us-
ing an optical microscope and a 3D non-contact surface pro-
filometer (Fig. 9). The pure MoS; film is destroyed without
sliding when the current is 1 A. This result is reflected in
the depth of the cross-section profiles. The material transfer
from the films to the steel ball. Moreover, molten droplets
form on the surface of the MOST-0%Ti film and the corre-
sponding steel ball, thereby showing that arc erosion occurs in
this condition. With Ti doping in MoS; films, their resistiv-
ity is reduced, and they only show deformation under current-
carrying. Therefore, the improvement of conductivity avoids
the occurrence of current erosion. The degree of deformation

Vacuum
chamber
1A

|
| E——

Not sliding

control
system

Keep it 5 minutes

1. Adjust the current to 0 A

2. Vent the chamber to ambient pressure

Current l oo .
3. Remove the load . .

of the films decreases with the increase of Ti content. Accord-
ing to Joule’s first law, high resistance and current density gen-
erate more heat when the current passes through the contact
area. The heat softens the film, which consequently deforms
under a load of 5 N. The softened films are prone to adhesive
wear. However, the MOST-12%Ti and MOST-16%Ti films
have more obvious deformation than MOST-8%Ti, suggest-
ing that the hardness of the film is a key factor in the current
thermal effect. With increasing Ti content, the contact area be-
comes increasingly small because of the improvement of the
film hardness. Current contraction occurs when the current
passes the contact area of the steel ball and the film.!'$20] The
lower contact area has an obvious current contraction, which
results in high local current density. The high current den-
sity easily generates much heat, thereby softening the film and

causing obvious deformation.

Observing the morphology of
films and steel balls

Fig. 8. Schematic of the static test.
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Fig. 9. The result of the static test. Optical microscopic images of contact area (a) on ball and (b) on film; (c) 3D morphology and 2D-profile images of films.

4. Discussion

The current-carrying tribological behavior of MOST
composite films with different conductivities in vacuum was
studied. As the complex wear mechanism when friction and
current exist simultaneously, the current-carrying tribological
mechanism of MOST films was analyzed from two views of
mechanical wear and current erosion.

The results explicitly demonstrated that the MOST films
with low Ti content had excellent tribological properties when
the current was O A. In the static experiment, the change of
voltage and current between the MOST-0%Ti film and the
steel ball was monitored (Fig. 10). This process can be di-
vided into three stages. In the first stage, the multimeter was
turned on and recorded the numerical value. The contact volt-
age and contact current were zero because the voltage was not
loaded. In the second stage, a voltage was applied to the fric-
tion pair, but the contact current was always zero due to the
film’s high resistance. As the constant current mode was set,
the contact voltage would automatically increase until the film
was instantly broken down. At this time, the direct contact
between the steel substrate and the steel ball led to a sharp
drop in contact resistance, and the third stage was entered:
the current was constant at 1 A and the contact voltage was
very low at about 100 mV. Therefore, the film was destroyed
by the high voltage which caused the arc erosion,*’! explain-
ing the molten splash at the contact area. Furthermore, the
transfer film was formed on the surface of the steel ball even
without sliding (Fig. 9(a)). Thus, before the beginning of fric-

tion, the current destroyed the film’s structure and formed the
contact between the transfer film and the steel substrate. Ra-
man spectra were used to clarify the formation of the transfer
film, as shown in Fig. 10(b). The transfer film included two
main peaks at 374 cm~! and 408 cm~!, which indicated that
the transfer film had a typical MoS; structure.?®2°l When the
friction started, only the transfer film on the steel ball played
a lubricating role, and thus maintained a high and waved fric-
tion coefficient for a certain period. The contact between the
transfer film and the steel substrate led to a low contact volt-
age. When the transfer film in the contact area was completely
worn off, the friction coefficient increased and the contact volt-
age decreased to the lowest value. The Raman peaks of MoS;
were not obvious in the contact area of the steel ball when the
friction coefficient increased to 0.3 (Fig. 10(c)). This result
proved that the increase of the friction coefficient was due to
the failure of the transfer film. The MOST-4%Ti film achieved
a low friction coefficient and high contact voltage before 200
sliding cycles. However, the friction coefficient increased and
the contact voltage decreased after 200 sliding cycles, which
also had serious fluctuations. This is because the film has worn
out, thus the friction coefficient increases due to lubrication
failure. Moreover, the contact voltage was reduced due to the
direct contact between the steel substrate and the steel ball,
and poor lubricating contact after the wear-out of the film led
to the fluctuation of the contact voltage. The transfer film re-
mained when the friction stopped, so the friction coefficient
did not increase further.
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Fig. 10. (a) Curves of contact voltage and current between the MOST-0Ti% film and the steel ball in the static test; the morphology of the
transfer film and the corresponding Raman spectrum under different conditions: (b) static tests; (c) friction with 1 A current.

The MOST-8%Ti film had excellent tribological proper-
ties under the currying-current condition, mainly ascribed to
its good lubricity and conductivity. The current caused min-
imal damage to the MOST-8%Ti film (Fig. 9), which has the
lowest wear rate. The current could not cause serious film de-
formation, so the friction coefficient was stable, and the main
wear mechanism with the current was abrasive wear (Figs. 3(a)
and 4(c)). As the film had better conductivity than MOST-
4%Ti, the contact voltage was lower than that of MOST-4%Ti
in the initial stage (Fig. 3(b)). Moreover, the film was not de-
stroyed, and thus, the contact voltage was stable during fric-
tion.

The electrical resistance and contact voltage of the
MOST-12%Ti film were lower than those of MOST-8%T:.
However, it had a more obvious deformation than MOST-
8%Ti when the current existed without sliding. It originated
from a small contact area caused by high hardness, leading to
a local high current density. Then, more heat was generated,
softening the film and promoting adhesion wear. Therefore,
the stick-slip motion occurred, and a special morphology with
local wear formed (Fig. 4(d)). Given a large amount of Ti-
doped into MoS; films, the lubricity of the MOST-16%Ti film
was insufficient. Moreover, it became easily worn out despite
a current of 0 A. Thus, the MOST-16%Ti film had a short wear
life regardless of the presence of a current.

The wear mechanism of MOST films in vacuum is not
completely similar to that in an atmospheric environment.

indicated that MOST films in an atmospheric
[16]

Wang et al.
environment with a current suffer from severe oxidation.
Yang et al. implied that the main wear mechanisms of copper
matrix composites with a current are adhesion wear and arc
erosion, as revealed in experiments conducted in extreme ex-
perimental conditions (e.g., too high electrical current density,
too high sliding velocity)./?!-3*3%] However, in the vacuum
condition in this study, oxygen was low such that the severe
oxidation was not obvious. Moreover, the wear tracks did not

show a large amount of oxygen, which indicated that oxida-
tion wear was not the main mechanism of film failure in the
vacuum environment. The pure MoS; film showed arc erosion
due to poor conductivity, and the improvement of the electrical
conductivity of the film inhibited the formation of an electric
arc. Furthermore, flaky peeling on the edge of the wear track
(Fig. 4(a)) and the discontinuous erosion pit inside the wear
track (Fig. 4(d)) indicated the strong adhesion of the steel ball
and films. Therefore, the wear mechanism of the MOST films
with a current in vacuum was mainly adhesive wear, along
with abrasive wear. Moreover, in this study, the serious ad-
hesive wear depends on the current-induced arc erosion and
the thermal effect. The arc erosion can avoid by improving the
conductivity. While good conductivity and a large contact area
are beneficial for minimizing the thermal effect.

5. Conclusion

This study deposited MoS,-Ti composite films with dif-
ferent Ti contents by unbalanced magnetron sputtering sys-
tem, studied the potential of MOST films as sliding electrical
contact materials and revealed the vacuum tribological mech-
anism under current-carrying. The following conclusions are
made.

(1) The conductivity and hardness of MOST films in-
crease with increasing Ti content. Compared to traditional
friction without current-carrying, the current-induced arc ero-
sion and thermal effect take important roles in accelerating the
wear. Doping Ti in the MoS; film can inhibit arc erosion due to
the improved conductivity. While the thermal effect of current
is mainly influenced by the conductivity and hardness of the
film. The high hardness of the film causes a small contact area,
thus forming a local high current density. Poor conductivity of
the film and local high current density will generate more heat
when the current passes through the film, which softens the
film and causes adhesive wear. Thus, an optimum concentra-
tion of a Ti dopant results in minimal wear and preferential
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lubricating behaviors due to the balance of conductivity and
hardness.

(2) In particular, the MOST film with 8 at.% Ti exhibits
excellent tribological properties when the current is 1 A, and
its friction coefficient is 0.025, which is far lower than 0.2—
0.3 for traditional precious metals. Thus, MoS;-Ti films show
great application potential as sliding electrical contact materi-
als.

This study is beneficial for designing and developing slid-
ing electrical contact materials.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant No. 51775537) and Youth Innova-
tion Promotion Association of Chinese Academy of Sciences
(Grant No. Y202084).

References
[1] Braunovic M, Konchits V and Myshkin N 2007 Electrical Contacts:
Fundamentals, Applications and Technology (CRC Press) p. 261

[2] Mogonye J E, Argibay N, Goeke R S, Kotula P G, Scharf T W and
Prasad S V 2016 Wear 376-377 1662

[3] Xie X L, Zhang L, Xiao J K, Qian Z Y, Zhang T and Zhou K C 2015
Trans. Nonferrous Met. Soc. China. 25 3029

[4] LeelJ, KimH, Han K, Lee Y, Choi M and Kim C 2019 ACS Appl. Mater.
Interfaces 11 6276

[5] Serpini E, Rota A, Ballestrazzi A, Marchetto D, Gualtieri E and Valeri
S 2017 Surf. Coat. Tech. 319 345

[6] Stoyanov P, Chromik R R, Gupta S and Lince J R 2010 Surf. Coat.
Tech. 205 1449

[7] Colas G, Saulot A, Regis E and Berthier Y 2015 Wear 330-331 448
[8] Fox V, Gampshire J and Teer D 1999 Surf. Coat. Tech. 112 118

[9]
[10]
(11]
[12]

[13]
[14]

[15]
[16]

[17]

[18]
[19]

[20]
[21]
[22]

[23]
[24]

[25]
[26]

[27]
[28]

[29]
[30]

[31]
(32]

066201-9

Teer D G, Hampshire J, Fox V and Bellido-Gonzalez V 1997 Surf.
Coat. Tech. 94-95 572

Gilmore R, Baker M A, Gibson P N and Gissler W 1998 Surf. Coat.
Tech. 105 45

Renevier N M, Fox V C, Teer D G and Hampshire J 2000 Surf. Coat.
Tech. 127 24

Rigato V, Maggioni G, Boscarino D, Sangaletti L, Depero L, Fox V C,
Teer D and Santini C 1999 Surf. Coat. Tech. 116-119 176

Zhao H, Barber G C and Liu J 2001 Wear 249 409

Zhou K C, Xiao J K, Zhang L, Xie X Land Li Z 'Y 2015 Wear 326-327
48

Grandin M and Wiklund U 2013 Wear 302 1481

Wang P, Yue W, Lu Z B, Zhang G G and Zhu L N 2018 Tribol. Int. 127
379

Yang Z H, Zhang Y Z, Zhao F and Shanhguan B 2016 Tribol. Int. 94
71

Grandin M and Wiklund U 2018 Wear 398-399 227

Zhao H, Feng Y, Zhou Z J, Qian G, Zhang J C, Huang X C and Zhang
X B 2020 Wear 444-445 203156

Generalova K N, Ryaposov I V and Shatsov A A 2016 J. Frict. Wear
37 482

Yang Z H, Ge Y X, Zhang X, Shangguan B, Zhang Y Z and Zhang J
W 2019 Materials 12 2881

Qin X P, Ke P L, Wang A Y and Kim K H 2013 Surf. Coat. Tech. 228
275

LiH, Li X, Zhang G A, Wang L P and Wu G Z 2017 Tribol. Lett. 65 38
Lince J R, Hilton M R and Bommannavar A S 1995 J. Mater. Res. 10
2091

Wang Y F, Wang Y, Li X, Li A, Lu Z B, Zhang G A and WuZ G 2019
Tribol. Trans. 62 1119

Yang H J, Chen G X, Gao G Q, Wu G N and Zhang W H 2015 Wear
332-333 949

Rieder W F 2000 IEEE Trans Compon Packag Technol. 23 286

Ky D L C, Tran Khac B C, Le C T, Kim Y S and Chung K H 2018
Friction 6 395

Windom B C, Sawyer W G and Hahn D W 2011 Tribol. Lett. 42 301
Xu W, HuR, LiJ S, Zhang Y Z and Fu H Z 2012 Trans. Nonferrous
Met. Soc. China 2278

Xiao Q D and Wu S 2014 Adv. Appl. Ceram. 113 381

Deng CY, Yin J, Zhang H B, Xiong X, Wang P, Sun M and Wu X G
2019 Proc IMechE Part J: J Engineering Tribology 233 380


https://doi.org/10.1201/9780849391088
https://doi.org/10.1201/9780849391088
https://doi.org/10.1016/j.wear.2017.01.080
http://dx.doi.org/10.1016/S1003-6326(15)63930-9
http://dx.doi.org/10.1016/S1003-6326(15)63930-9
http://dx.doi.org/10.1021/acsami.8b16303
http://dx.doi.org/10.1021/acsami.8b16303
http://dx.doi.org/10.1016/j.surfcoat.2017.04.006
http://dx.doi.org/10.1016/j.surfcoat.2010.07.026
http://dx.doi.org/10.1016/j.surfcoat.2010.07.026
https://doi.org/10.1016/j.wear.2015.01.011
http://dx.doi.org/10.1016/S0257-8972(98)00798-1
https://doi.org/10.1016/S0257-8972(97)00498-2
https://doi.org/10.1016/S0257-8972(97)00498-2
http://dx.doi.org/10.1016/S0257-8972(98)00445-9
http://dx.doi.org/10.1016/S0257-8972(98)00445-9
http://dx.doi.org/10.1016/S0257-8972(00)00538-7
http://dx.doi.org/10.1016/S0257-8972(00)00538-7
https://doi.org/10.1016/S0257-8972(99)00312-6
http://dx.doi.org/10.1016/S0043-1648(01)00545-2
https://doi.org/10.1016/j.wear.2014.12.024
https://doi.org/10.1016/j.wear.2014.12.024
http://dx.doi.org/10.1016/j.wear.2013.02.007
http://dx.doi.org/10.1016/j.triboint.2018.06.028
http://dx.doi.org/10.1016/j.triboint.2018.06.028
http://dx.doi.org/10.1016/j.triboint.2015.03.012
http://dx.doi.org/10.1016/j.triboint.2015.03.012
https://doi.org/10.1016/j.wear.2017.12.012
https://doi.org/10.1016/j.wear.2019.203156
http://dx.doi.org/10.3103/S1068366616050068
http://dx.doi.org/10.3103/S1068366616050068
http://dx.doi.org/10.3390/ma12182881
http://dx.doi.org/10.1016/j.surfcoat.2013.04.040
http://dx.doi.org/10.1016/j.surfcoat.2013.04.040
http://dx.doi.org/10.1007/s11249-017-0824-x
http://dx.doi.org/10.1557/JMR.1995.2091
http://dx.doi.org/10.1557/JMR.1995.2091
http://dx.doi.org/10.1080/10402004.2019.1651434
http://dx.doi.org/10.1080/10402004.2019.1651434
https://doi.org/10.1016/j.wear.2014.11.004
https://doi.org/10.1016/j.wear.2014.11.004
http://dx.doi.org/10.1109/6144.846766
http://dx.doi.org/10.1007/s40544-017-0172-8
http://dx.doi.org/10.1007/s40544-017-0172-8
http://dx.doi.org/10.1007/s11249-011-9774-x
http://dx.doi.org/10.1016/S1003-6326(11)61143-6
http://dx.doi.org/10.1016/S1003-6326(11)61143-6
http://dx.doi.org/10.1179/1743676114Y.0000000193
http://dx.doi.org/10.1177/1350650118781143

	1. Introduction
	2. Experiment details
	2.1. Film preparation
	2.2. Evaluation of current-carrying tribological properties
	2.3. General characterization of the films 
	2.4. General characterization of wear tracks and wear scars

	3. Results
	3.1. Microstructure and properties of MOST films
	3.2. Vacuum tribological properties of MOST films under current-carrying
	3.3. Vacuum tribological properties of MOST films without current
	3.4. Morphology of films and steel balls under the static current-carrying condition

	4. Discussion
	5. Conclusion
	References

