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a b s t r a c t

We report the current density effect in controlling current-carrying friction of amorphous carbon (a-C)
film sliding against steel ball. The current density at the sliding interface was set to a constant value or
cyclic variation value by adjusting the current intensity and the contact area for exploring the current-
carrying friction behavior. The results showed that when the current density enhanced from 0 to
0.196mA/mm2, the friction coefficient decreased from 0.20 to 0.03 and the run-in cycle shortened from
about 100 to few cycles. When the current density cyclically varied during the sliding, the friction co-
efficient had a very fast response and followed to the corresponding value which can be adjusted by the
current density. Raman spectrum analysis and TEM observation confirmed that graphene nanosheets
were formed at the sliding interface and the size of graphene nanosheets depended on the current
density. The mechanism of current-carrying friction behavior of a-C film sliding against steel ball was the
interactions of graphene to graphene and a-C to a-C at the contact area, which was controlled by the
current density. This finding shed light on the great role of the current density in current-carrying
friction of a-C film.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

With a fast development of novel batteries [1e3], electric cars
[4] and high-speed railways [5], people pay more attentions to the
electrical contact elements and care their current-carrying friction
behaviors. The electrical contact elements play an important role in
controlling the moving parts and transmitting the electrical signals
or electric powers [6e8]. Generally, the current-carrying friction
between two electrical contact surfaces has a direct influence on
the precision, reliability and durability of the whole electrical
contact systems. In the past, most researches mainly focus on
developing the electrical contact materials to improve the
conductive and tribological properties [9e15]. Although a series of
conductive materials are intensively studied, the high friction and
the high wear still exists in the practical applications. Recently,
some studies attempt to lubricate the electrical contact surfaces
with thin-film materials, such as molybdenum disulfide, graphite
and graphene. In the literatures, it is reported that the friction
coefficients of the thin-film materials had some decrease under the
current condition, which showed that the thin-film materials had a
potential in reducing the friction of the electrical contact surfaces
[16e19]. However, the mechanism of the decreased frictionwas not
clear.

Amorphous carbon (a-C), as one impotent thin-film material, is
a metastable structure composed of sp2 and sp3 bonds, which
possesses excellent mechanical performances, low friction prop-
erties and variable electrical characteristics [20e24]. On one hand,
the a-C film is an important solid-lubricating material with a big
range of friction coefficient values, which is widely accepted in
reducing the friction and wear of the metal surfaces and prolonging
the lifetime of the metal products [25e30]. On other hand, the
electrical characteristics of a-C film can be regulated with different
proportions of sp2 and sp3 bonds, which may provide a good elec-
tron transport property for the carbon/metal interface [31,32]. From
the viewpoints of tribology and electronics, the a-C film has a po-
tential for reducing the friction between the electrical contact
surfaces. In our recent work, we applied a high-intensity current at
the a-C/steel sliding interface and obtained a low friction behavior
[33]. However, the role of current intensity or current density on

mailto:dfdiao@szu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2019.10.005&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2019.10.005
https://doi.org/10.1016/j.carbon.2019.10.005
https://doi.org/10.1016/j.carbon.2019.10.005


K. Sun, D. Diao / Carbon 157 (2020) 113e119114
the friction behavior was not studied, and which was of the essence
in controlling the friction behavior was still not clear.

In this study, we investigated the effect of current density on the
current-carrying friction behavior of a-C film sliding against steel
ball. The different current density was achieved by turning the
current intensity and changing the contact area. The friction
properties with the constant current density and the cyclic current
density were studied. Raman spectrum analysis and TEM obser-
vation of transfer film were carried out to reveal the effect of cur-
rent density on the friction behavior. And the mechanism for the
current density effect on current-carrying friction of a-C film was
discussed.
2. Experimental details

2.1. Current-carrying friction test of a-C film

Current-carrying friction tests of the a-C film/steel ball sliding
interface were performed by a liner reciprocating ball-on-plate
tribometer, which was schematically shown in Fig. 1. The detailed
tests of friction force had been reported in our previous works [33].
The a-C film with thickness of 100 nm was fabricated on p-silicon
<100> substrate (resistivity: < 0.0015U cm) by a divergent electron
cyclotron resonance (DECR) plasma sputtering system with the ion
irradiation energy of 10 eV [34]. The steel ball materials were GCr15
(AISI 52100) bearing steel. The normal force was 3 N. The sliding
velocity was 5.0mm/s, and the stroke length was 20mm. The
currents with a constant value or cyclic values were applied at the
a-C/steel sliding interface. The friction tests were operated in a
clean room with the temperature of 25e27 �C and the relative
humidity of 50e60%. Each test was repeated more than five times.

After the friction tests, the morphologies of transfer films were
observed by an optical microscope (Nikon Eclipse LV150 N). The
bonding structures of the original a-C film and the transfer films
were analyzed by Raman spectra (Horiba, HR-Resolution) obtained
with a laser wave length of 532 nm. The D band and G band were
fitted with a Lorentzian line and a Breit-Fano-Wagner (BFW) line,
respectively. The nanostructures of transfer films were observed by
using a double spherical aberration corrected transmission electron
microscope (TEM, Thermo Fisher, Titan3 Themis G2 300) with the
electron accelerating voltage was 80 kV. The cross-sectional TEM
Fig. 1. Schematic diagram of friction test apparatus with different current densities for
a-C film/steel ball sliding interface. The different current densities were achieved by
tuning the current intensity from 0 to 1.0 A and changing the diameter of steel ball
from 3.17 to 7.95mm. (A colour version of this figure can be viewed online.)
specimens were cut from transfer film, and progressively thinned
to about 100 nm by using a focused ion beam (FIB, Thermo Fisher,
Scios).

2.2. Current density control method

The current density (J) at the a-C film/steel ball contact interface
was calculated with Equation (1):

J¼ I/S]I/pr2 (1)

where Iwas the current intensity, Swas the contact area, and rwas
the radius of the contact area. According to the Hertz contact theory
[35], the radius of contact area (r) was calculated with Equation (2):
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where Db was the diameter of steel ball, FN was the normal load, ms
and mb was the Poisson’s ratio for silicon substrate and steel ball, Es
and Ebwas the elastic modulus for silicon substrate and steel ball. In
order to achieve different current densities, two methods were
carried out and the detail was indicated in Fig. 1. For the first
method, the current density was controlled by tuning the applied
current intensity. The current intensity was adjusted with a range
from 0 to 1.0 A and the steel ball was kept with one constant
diameter of 6.35mm, then the current density varied from 0 to
0.196mA/mm2. For the second method, the current density was
controlled by adjusting the contact area. The current intensity was
set as a constant value (0.2 A) and the steel balls with the diameters
of 3.17, 3.96, 4.78, 5.56, 6.35, 7.14 and 7.95mm were selected to
obtain the different contact areas. Then the current density was
controlled from 0.034 to 0.062mA/mm2.

3. Results and discussions

3.1. Current density effect on current-carrying friction behavior of
a-C film

Fig. 2 shows the effect of constant current density on the friction
behavior of a-C film/steel ball sliding interface. Fig. 2(a) shows the
friction curves of a-C film sliding against steel ball with the diam-
eter of 6.35mm under different current intensities. It was observed
that as the current intensity enhanced from 0 to 1.0 A, the run-in
cycle shortened from 120 to few cycles and the friction coefficient
at 150 cycles position (stable stage) decreased from 0.20 to 0.03.
The details are that when the current intensity was less than 0.3 A,
the friction coefficient started with 0.16e0.18 and increased, then
after several dozens of cycles (run-in stage), the friction coefficient
decreased and maintained thereafter. When the current intensity
was more than 0.4 A, the friction coefficient started with 0.16e0.18
and rapidly decreased to 0.03e0.05with a few cycles (run-in stage),
andmaintained thereafter. Fig. 2(b) exhibits the friction curves of a-
C film sliding against the steel balls with different diameters under
0.2 A current intensity. It could be observed that as the diameter of
steel balls decreased from 7.94 to 3.28mm, the run-in cycle
shortened from 60 to 25 cycles and the friction coefficient at 150
cycles position (stable stage) decreased from 0.10 to 0.04. The de-
tails are that the friction coefficient started with 0.16e0.18 and
increased, then after a few dozens of cycles (run-in stage), the
friction coefficient quickly decreased and maintained thereafter.

Based on the data showing in Fig. 2, the relationship between
current density and friction behavior was summarized in Fig. 3.
Fig. 3(a) shows the relationship between the current density and



Fig. 2. The effect of constant current density on the friction behavior of a-C film/steel ball sliding interface. (a) Friction curves of a-C film sliding against steel ball with the diameter
of 6.35mm under the 0e1.0 A current intensities, (b) Friction curves of a-C film sliding against steel ball with the diameter varied from 3.28 to 7.94mm under 0.2 A constant current
intensity. (A colour version of this figure can be viewed online.)

Fig. 3. Current density effect on friction behavior. (a) The relationship between current density and friction coefficient, (b) The relationship between current density and run-in
cycle. (A colour version of this figure can be viewed online.)
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the friction coefficient at 150 cycles position, which was in the
stable stage. It could be seen that when the current density
enhanced from 0 to 0.08mA/mm2, the friction coefficient sharply
decreased from 0.20 to 0.04, and as the current density further
enhanced over 0.08mA/mm2, the friction coefficient had no
obvious change and kept at 0.03. Fig. 3(b) shows the relationship
between the current density and the run-in cycle. It could be
found that as the current density enhanced from 0 to 0.08mA/
mm2, the run-in cycle decreased from 100 to 20 cycles, and as the
current density was over 0.08mA/mm2, the run-in cycle had no
obvious change. Based on the above analyses, it could be
concluded that the current density directly influenced on the
friction behavior of a-C film.

Fig. 4 shows the effect of cyclic current density on the friction
behavior of a-C film/steel ball sliding interface. Fig. 4(a) shows the
friction curve of a-C film sliding against steel ball with intermit-
tently applying the current of 1.0 A. During the sliding, once the
current turned on, the friction coefficient immediately decreased
from 0.20 to 0.05 with 1 cycle, and as the current turned off, the
friction coefficient also quickly returned to 0.20 with ~2 cycles. It
was indicating that the friction coefficient had a fast response to the
current. Fig. 4(b) shows the friction curve of a-C film sliding against
steel ball with alternately applying different currents with 1.0 A, 0.5
A, 0.3 A, and 0.1 A. It could be observed that during the sliding, as
the different currents was alternately applied, the friction coeffi-
cient fast responded and changed to the corresponding values, and
as the currents turned off, the friction coefficient quickly returned
to 0.20. It was meaning that the friction coefficient of a-C film can
be real-time controlled. Fig. 4(c) shows the friction curve of a-C film
sliding against steel ball with two cycle monotonically increasing
the current from 0 to 0.5 A. It was clear found that the friction
coefficient was monotonically controlled from 0.20 to 0.05.
Furthermore, as the current randomly applied during the sliding,
the friction coefficient also had a fast response and changed to the
corresponding values, as shown in Fig. 4(d). Based on the above
analyses, it was further confirmed that the current density had a
direct effect on the friction behavior of a-C film. Besides, the con-
trolling friction behavior of a-C film with the cyclic current density
showed a big potential in the real-time friction control.

3.2. Characterizations of transfer films

Fig. 5 shows the morphologies and Raman spectrum of transfer
films with different current densities. Fig. 5(a) shows the optical
images of worn surfaces on steel ball with the diameter of 6.35mm
under different current intensities. For no current condition, little
carbon materials were observed on the steel surface. Some transfer
fragments were covered on the middle of worn surface, and more
wear debris were accumulated at the two sides along the sliding
direction. While for current-carrying conditions, more carbon
materials were covered on themiddle of worn surfacewith forming
a thick transfer film, and the carbon transfer film became much
thicker and flatter with the current intensity enhanced. Fig. 5(b)
shows that the Raman spectra of transfer filmwith different current
intensities, and the test points were marked in the optical images.
For no current condition, the Raman spectrum showed a weak
signal with no obvious carbon signals (G band or D band), meaning
that the transfer film was not thick enough. While for current-



Fig. 4. The effect of cyclic current density on the friction behavior of a-C film/steel ball sliding interface. (a) Friction curve of a-C film sliding against steel ball with intermittently
applying the current of 1.0 A. (b) Friction curve of a-C film sliding against steel ball with alternately applying different current with 1.0 A, 0.5 A, 0.3 A and 0.1 A. (c) Friction curve of a-
C film sliding against steel ball with monotonically enhancing the current from 0 to 0.5 A. (d) Friction curve of a-C film sliding against steel ball with randomly applying the different
currents. (A colour version of this figure can be viewed online.)

Fig. 5. The morphologies and Raman spectrum analyses of transfer films with different current densities. (a) Optical images and (b) Raman spectra of transfer films on steel ball
with the diameter of 6.35mm under different current intensities, (c) Optical images and (d) Raman spectra of transfer films on the steel ball with different diameters under 0.2 A
current intensity. (A colour version of this figure can be viewed online.)
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carrying conditions, the Raman spectra contained the separated D
and G bands around 1350 cm�1 and 1580 cm�1. Compared with the
original a-C film, the independent D band and G band indicated that
some carbon nanocrystallites existed in the transfer film. And the
ratio of D band to G band (ID/IG) increased with the current in-
tensity enhanced. Fig. 5(c) shows the optical images of worn sur-
faces on steel ball with different diameters under 0.2 A current-
carrying condition. For the small ball, a thick transfer film was
covered on the steel surface. As the diameter of steel ball increased,
the transfer film became incomplete. As for the large ball, the
transfer film was very thin, which was closed to the transfer film
without current. Fig. 5(d) shows that the Raman spectra of transfer
film on the steel ball with different diameters. The independent D
band and G band indicated that the transfer film contained carbon
nanocrystallites. And the ID/IG value decreased with the ball
diameter increased. Based on the above analyses, it could be
confirmed that as the current density enhanced, the transfer film
became thicker and flatter, meanwhile, their ID/IG value increased.

The detailed relationship between the current density and the
ID/IG value was summarized in Fig. 6(a). When the current density
was less than 0.04mA/mm2, the ID/IG value was difficult to be
calculated with the weak signal of Raman spectra (similar to 0 A
case in Fig. 5(b)). When the current density was at the range from
0.04 to 0.08mA/mm2, the ID/IG value increased with the current
density enhanced. And when the current density was more than
0.08mA/mm2, the ID/IG value had no obvious change. Based on the
ID/IG value, the in-plane size (La) of carbon nanocrystallites in
transfer film was estimated with ID/IG¼C(l) La

2, where C(l) is
0.55 nm�2, related to excitation laser wavelength [36]. Fig. 6(b)
shows the relationship between the current density and the size of
carbon nanocrystallites. When the current density was less than
0.04mA/mm2, the La of carbon nanocrystallites could not be
calculated with the weak signal of Raman spectra. When the cur-
rent density was at the range from 0.04 to 0.08mA/mm2, the La had
an increase from 1.19 nm to 1.30 nm with the current density
enhanced. When the current density was more than 0.08mA/mm2,
the La had no obvious increase and kept at 1.33 nm. Although the
values of ID/IG and La could not be obtained with low current
density because of the weak signal of Raman spectra, it still could
be concluded that the size of carbon nanocrystallites in transfer
film increased with the current density enhanced.

Fig. 7 shows the TEM images of transfer films with different
current densities. For no current condition, Fig. 7(a) shows the low-
resolution TEM images of the transfer film at the 2400 cycles po-
sition (this is over the 240 cycles showing in Fig. 2(a) to obtain a
Fig. 6. Current density effect on the ID/IG and the La of transfer film. (a) The relationship betw
and the in-plane size. (A colour version of this figure can be viewed online.)
thick enough transfer film for TEM observation). It could be found
that the thickness of transfer film was about 100 nm. While for
current-carrying conditions, the transfer films became much
thicker. From the low-resolution TEM images (Fig. 7(b)e(d)), the
thickness of transfer film at the 240 cycles position was about
160 nm, 240 nm and 350 nm for the current density of 0.039mA/
mm2, 0.098mA/mm2 and 0.196mA/mm2, respectively. The nano-
structures of transfer film were further observed from the high-
resolution TEM images. For no current condition, Fig. 7(e) shows
that the transfer film was close to amorphous structure, and the
faster Fourier transformed filtering of the selected area 1 (FFT1)
with a dim diffuse ring also indicated that the structure was
amorphous-like. For the current-carrying conditions, the transfer
films were a coupling structure of graphene nanosheets embedded
in amorphous matrix. Fig. 7(f)e(h) show that the stacks of gra-
phene layers were distributed in amorphous structure, and the
orientations were approximately parallel to the steel surface, which
coincided with the sliding direction. The faster Fourier transformed
filtering of the selected area 2, 3 and 4 all showed a pair of light
shots, indicating that the existence of graphene nanosheets in the
transfer films. Further comparing the structures of transfer film
under different current-carrying conditions, for the low current
density of 0.039mA/mm2, the transfer film contained small-sized
graphene nanosheets (Fig. 7(f)), while for the high current den-
sity of 0.098mA/mm2, the transfer film owned the enlarged gra-
phene nanosheets (Fig. 7(g)), and for the further high current
density of 0.196mA/mm2, the size of graphene nanosheets did not
increase obviously (Fig. 7(h)). The TEM analyses on the size of
graphene nanosheets were in accord with the Raman analyses.
Combining the TEM and Raman analyses, it could be concluded that
the size of graphene nanosheets in transfer film depended on the
current density.
3.3. Mechanism for current density effect on current-carrying
friction

Based on the above analyses of friction behaviors and charac-
terizations of transfer films, the mechanism for the current density
effect on current-carrying friction behavior of a-C film/steel ball
sliding interface was summarized in Fig. 8. For no current (zero
current density) condition, a few a-C fragments from the original a-
C film transferred to the steel ball and formed a very thin a-C
transfer film, then the whole a-C/a-C interaction at the sliding
interface led to a high friction, as shown in Fig. 8(a). As the current
flowed through the a-C/steel contact interface, the graphene
een the current density and the ID/IG, (b) the relationship between the current density



Fig. 7. The cross-sectional nanostructures of the transfer films on steel balls. a)-d) Low-resolution TEM images, e)-h) High-resolution TEM images of transfer film with different
current densities. Inset figures in e)-h) show FFT images of the selected area in high resolution TEM images. (A colour version of this figure can be viewed online.)

Fig. 8. The friction mechanism with different current densities. (a) For zero current density, the sliding interface was amorphous carbon, and the whole a-C/a-C interaction led to a
high friction. (b) For low current density, small-sized graphene nanosheets formed at the sliding interface, and a small proportion of graphene/graphene interaction led to a
reduced-friction. (c) For high current density, large-sized graphene nanosheets formed at the sliding interface, and a large proportion of graphene/graphene interaction led to a low
friction. (A colour version of this figure can be viewed online.)
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nanosheet was formed at the top-surface of a-C film, which was
easily wore out and transferred to the counter surface. Then, a thick
transfer film with a coupling structure of graphene nanosheets
embedded in amorphous carbon was formed on the steel ball. The
graphene/graphene interaction at the sliding interface provided the
weak shear force for reducing the friction. For the low current
density, Fig. 8(b) shows that a little number of electrons flowed
through the contact area, and the small-sized graphene nanosheets
was formed at the sliding interface (as confirmed in Fig. 7(f)), which
led to a low proportion of graphene/graphene interaction between
the two sliding surfaces. Then the low proportion of graphene/
graphene interaction led to a reduced friction. For the high current
density, Fig. 8(c) shows that large amounts of electrons flowed
through the contact area, and the large-sized graphene nanosheets
was formed at the sliding interface (as confirmed in Fig. 7(g) and
(h)), which largely increased the proportion of graphene/graphene
interaction. The high proportion of graphene/graphene interaction
led to a low friction. Furthermore, if the graphene/graphene
interaction was distributed at the whole sliding interface, the fric-
tion coefficient was believed to further reduce at the ultra-low
friction level.

As for the mechanism on the cyclic current density controlling
the friction of a-C film/steel ball sliding interface, it was mainly due
to the alternation of graphene nanosheets in transfer film. During
the sliding process, as the current density was varied with different
values, the previous formed graphene nanosheets was easy to be
worn out and the new formed graphene nanosheets were deter-
mined by the varied current density, which could adjust the pro-
portion of graphene/graphene and a-C/a-C interactions at the
sliding interface, then control the friction coefficient.

Thus, it was concluded that the current-carrying friction
behavior of a-C film can be controlled with the proportion of gra-
phene to graphene and a-C to a-C interactions at the sliding
interface, which strongly depended on the current density. This
finding might be expected for controlling the friction coefficients of
a-C film in many tribo-industrial applications.
4. Conclusions

In summary, the current-carrying friction behavior and mech-
anism of amorphous carbon film sliding against steel ball were
studied. The effect of the current density in controlling current-
carrying friction was clarified. The friction coefficient and run-in
cycle of current-carrying friction were controlled by the in-
teractions of graphene to graphene and a-C to a-C at the contact
area, which strongly depended on the current density. The detail
conclusions were given by the following. (1) For the constant cur-
rent density effect, as the current density increased from 0 to
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0.196mA/mm2, the friction coefficient decreased from 0.20 to 0.03
and the run-in cycle decreased from 100 to few cycles. (2) For the
cyclic current density effect, as the current density varied cyclically
during the sliding, the friction coefficient had a fast response and
changed to the corresponding value. (3) The current-carrying fric-
tion behavior was controlled by the size of graphene nanosheets at
the sliding interface, which was controlled by the current density.
This finding shed light on the great role of the current density in
current-carrying friction of a-C film and developed the its appli-
cation in protecting the electrical contact surfaces.
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