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Abstract The wear behavior of pure carbon strip against
copper (carbon/copper pair) under continuous arcing con-
dition was investigated. To simulate the extreme condition
of continuous arc discharge at high current, sliding wear
tests were conducted on a home-made wear tester. The arc
erosion wear characteristics and mechanisms of carbon/
copper pair were studied by analyzing the wear scars and
wear debris of the carbon strip in detail. Therefore, various
analytical techniques, including Raman spectroscopy,
transmission and scanning electron microscopy, and
focused ion beam systems, were utilized to characterize the
wear scars and wear debris of the carbon strip. The results
show that the wear rate and the degree of arc erosion of the
carbon strip increase with increasing electric current den-
sity. Typical entwined turbostratic carbon nanospheres
(ETCNs) exhibited sphere-like stacking structure that were
observed in the microstructure of the wear debris of the
carbon strip produced during the friction process with
current, which is the characteristic of the textural changes
in carbon materials under combined arcing and sliding
friction conditions. Moreover, the number and size of
ETCNs increase with the electric current density increase.
The arc erosion wear mechanisms of the carbon/copper
pair are mainly due to the synergetic action of oxidation
ablation, local electric arc impact and high-temperature
graphitization under continuous arcing.
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1 Introduction

High-speed electrified railways represent a continually
developing trend in modern transportation all over the
world [1, 2]. However, their running speed is mainly lim-
ited by the current collection quality of the pantograph—
catenary system, vehicle technology and braking technol-
ogy [3, 4]. The pantograph—catenary system is the key
factor, because it has a direct influence on both the stable
operation of trains and the service life of friction pairs. Arc
erosion wear, one of the main sources of reduced perfor-
mance, is mainly caused by off-line sliding or abnormal
contact between contact strip and contact wire [5, 6],
leading to serious damage to the worn surface of friction
pairs since the local temperature rises and the oxidation of
contact surfaces occurs. As the speed and load of a train
increase, high-frequency arc erosion becomes more seri-
ous, and various wear behaviors are induced by the arc as
the speed of a locomotive increases. Meanwhile, the wear
characteristics of the contact interface will be directly
modified.

To relieve the severe wear of contact strip caused by arc
erosion due to the imperfect contact between friction pairs,
over the past decades, a few scientists have performed
studies on the wear behaviors and mechanisms of friction
pairs under an electric current density. Matsuyama [7]
investigated the tribological behavior of pantographs under
an electric current and observed distinct arc ablation and
melt phenomena during the electrical wear process in
preliminary studies. Kubo and Kato [8, 9] systematically
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studied the effect of arc discharge on the wear rate of Cu-
impregnated carbon strip in unlubricated sliding against Cu
trolley wire under an electric current and discovered that
the wear rate of the contact strip increased with the
increasing electrical current. Moreover, the wear rate
reached its maximum at an electrical current of 150 A and
then decreased. The effect of mechanical, electrical and
thermal parameters on the surface damage of electrical
contact copper was investigated by Senouci et al. [10]
around the same time. They found that the high current
density in dynamical contact enhanced the oxidation pro-
cess of the sliding surface and then induced an electric arc
and copper damage. Sliding copper wire was damaged by
abrasion, triboxidation and electric arc. Nagasawa and
Kato [11] reported the wear mechanism of sliding copper
alloy wire against iron-based strip under an electric current.
The results showed that the wear rate of the contact wire
was related to the heat generated at the contact interface of
friction pairs by friction, thermal resistance and arcing,
which originated from the off-line area between the contact
strip and contact wire. In addition, Chen et al. [12] studied
the arc erosion of a resin roasting strip sliding against
copper and developed a model of the arc extinction of the
friction pairs. Recently, comparisons between the wear
behaviors due to an increase in temperature and arc dis-
charge were made under the same testing conditions
reported by Ding et al. [13]. Flash temperature accumulates
on the friction couple because of the occurrence of arc
discharge. The heat produced by Joule heat, arc discharge
and friction results in a rapid rise in temperature of the
friction couple. The severe wear of the carbon strip was
mainly caused by arc erosion, abrasive wear and adhesive
wear. In summary, major efforts have been devoted to
investigating the wear behavior of carbon strip under an
electrical current. Notable advances have been made in
understanding the wear mechanisms under an electrical
current. Moreover, it has been generally accepted that the
wear loss increases with increasing electrical current and
deduced that the severe wear of contact strip is mainly
caused by arc erosion. However, many analyses and
explanations of wear characteristics and mechanisms for
friction pairs are barely based on the morphological
changes in the worn surface with and without electric
current. Seldom, research directs attention to the wear
debris of the carbon strip. In this context, the wear mech-
anisms of contact strip sliding against contact wire under
an electrical current are not clear, i.e., no reasonable
explanations for the detailed arc erosion wear characteris-
tics or mechanisms of friction pairs have been provided due
to inadequate evidence.

In this study, a series of experiments were performed to
study the wear behavior of a carbon/copper pair under
continuous arcing conditions. The arc erosion wear
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characteristics were investigated in detail by scanning
electron microscopy (SEM), Raman spectroscopy and
transmission electron microscopy (TEM). Based on the
SEM and TEM observations, a new arc erosion wear
mechanism of the carbon/copper pair under continuous
arcing conditions was proposed.

2 Experimental

A pure carbon strip used in high-speed trains was chosen as
the test material. To conduct electrical sliding wear tests
during the arc discharge process, the carbon strip was
machined into the desired cylindrical shape with a cross-
sectional area of 100 mm? and a height of 36 mm. Its
chemical composition (Wt%) mainly included 91.9 % C,
7.72 % O and 0.38 % S. The volume density of the carbon
strip was 1.87 g/em®. A friction disk measuring 700 mm in
diameter and 5 mm in width was made of pure copper; the
disk was used for electrical sliding wear experiments with
the carbon strip. The details of the experimental processes
have been reported elsewhere [14].

Sliding wear tests under an electrical current were per-
formed on a home-made wear tester to simulate train
motion in air. A schematic illustration of this electrical
wear test apparatus is shown in Fig. S1 (see Supplementary
Material). A low voltage and high AC current generated by
the power source flow from one contact strip to the copper
disk and then to the other contact strip. The wear rate was
defined as the wear mass loss of the carbon strip per unit
length and unit load over one sliding pass. During testing,
the selected values of the electric current density (electric
current per unit area, J = I/A) were 0, 250, 375, 500 and
650 A/cm?. The normal load on the carbon/copper pair was
60 N. The test performed under an applied electrical cur-
rent lasted 300 s to ensure a state of continuous arc dis-
charge for each experiment within the testing time on the
home-made wear tester, which has groove structures on the
copper disk surface. The linear velocity of the copper disk
surface was determined to be 30.6 m/s. Prior to wear
testing, all of the specimen surfaces were polished using
2000-grain abrasive paper first and then 5000-grain abra-
sive paper and cleaned with alcohol. The circle jumping
degree was corrected prior to each experiment to ensure the
rotation of the copper friction pair is the central axis. The
wear debris was collected immediately below the carbon
strip during the wear process.

The entire process of current-carrier friction was
recorded by a digital camera (Canon IXUS310 HS), with
which the influence of the strength of the arc was charac-
terized qualitatively. In order to measure the weight of the
strip before and after the test, an electronic balance with an
accuracy of 0.0001 g was used. The morphologies and
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microstructures of the wear scars and the wear debris of the
carbon strip were observed by SEM (JEOL, JSM-6700F)
and TEM (JEOL, JEM-3010). TEM specimens of the wear
debris and carbon matrix were prepared using a FEI Nova
200 Nanolab DualBeam SEM/FIB system [15] along the
edge of the wear debris. The graphitization degree of the
wear scars of the carbon strip was studied by laser Raman
spectroscopy (HR 800 Raman). All experiments were
conducted at ambient temperature (25 &+ 2 °C) and in
70-80 % relative humidity.

3 Results and Discussion

3.1 Effects of Electric Current Density on the Wear
Rate of the Carbon Strip

Figure 1 shows the variation in the wear rate of the carbon
strip with electrical current. A stable electric arc between
the carbon/copper pair was observed by a digital camera
during the wear process under an electric current (see
Supplementary Material, Fig. S2).

As shown in Fig. 1, the wear rate of the carbon strip
increases with increasing electric current density under a
continuous arcing environment. The wear rate of the car-
bon strip increases rapidly under a low electric current
density (<250 A/cm?), gradually increases under interme-
diate electric current densities (250500 A/cm?) and then
increases dramatically (>500 A/cmz). The wear rate of the
carbon strip under an electrical current is higher than that
without an electrical current, and it increased with the
increase in electric current density. Firstly, there are uni-
versal electric arc phenomena (see Supplementary Mate-
rial, Fig. S2) observed between carbon/copper pairs under
the current-carrying condition. The arc plasma temperature
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Fig. 1 Variation in the wear rate of carbon strip with electric current
density

reaches 3,500-4,000 K [5, 16], which can cause carbon—
carbon bonds to break. Thus, the carbon material in the
areas of arc erosion would drop from the friction surface as
the effect of oxidative ablation and sublimation under arc
erosion, which is the main cause to the increase in the wear
rate under the current-carrying condition [17]. In addition,
with the increase in the current density, the intensity of the
arc increased, which would enhance the effect of arc
impact and result in an increase in the wear rate [17-19].
Secondly, the friction surface was under the comprehensive
effect of three forms of heat generated in the wear process
with current [11]: frictional heat, Joule heat and the arc
heat, which would raise the temperature of the friction
surface and thus degrade wear performance because of the
oxidization of carbon materials [17]. In this way, the wear
rate is increased. Moreover, the oxidation of the carbon
strips in asperity contacts will be accelerated after
increasing the current density, for the surface temperature
is extremely high.

Figure 1 also suggests that the wear rate increases dra-
matically when the electric current density exceeds 500 A/
cm’. The wear rate of the carbon strip when the current
density is 650 A/em®  (69.19 x 107° mg/(m N)) s
approximately 288 times as much as that when the current
density is 0 A/em? [0.24 x 107® mg/(m N)]. It is mainly
attributed to the rise in the contact surface temperature of
the carbon strip caused by Joule heating and the high
temperature instantly induced by arc discharge at high
current density, which would even cause the overheating of
the wear surface (see Supplementary Material, Fig. S2-d).
Thus, the wear becomes severe when the contact area
temperature exceeded the threshold temperature of C-C
bond rupture and surface oxide layer spallation on contact
interfaces. Meanwhile, the carbon material on the wear scar
area was easily heated and sublimated or directly oxidized
in an oxidizing atmosphere [8, 9].

3.2 Microstructure of the Wear Interface of Carbon
Strip

3.2.1 Characterization of the Wear Scars

The SEM morphologies of the wear scars of carbon strip
under electric current density of 0, 250, 375, 500 and
650 A/cm” are shown in Fig. 2. The arrow indicates the
direction of relative movement of the carbon/copper pair.

As shown in Fig. 2, the wear scar features clearly varied
with the applied current density. The SEM images of the
wear scars show that the worn surfaces are dense and no
obvious oxidation zone when the current density is 0 A/cm?
(Fig. 2a). It is observed that there is a surface lubricant film
with flake structure formed on the wear scars of carbon
strip. However, Fig. 2b—e clearly shows many arc craters
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Fig. 2 SEM morphologies of
the wear scars of carbon strip
under electric current density:
(ar), (az), (as)—atJ =0 A/
em?; (b)), (by), (bs)—at

J =250 Alem?; (c)), (c2),
(c5—at J = 375 Alem?; (d,),
(d), (d3)—at J = 500 A/cm?;
(ey), (e2), (e3)—at J = 650 A/
cm?; (az, by, ¢2, ds, €5) is a
magnified image of (a;, by, ¢y,
d], 61), and (613, b3, C3, d3, 63) is
a magnified image of (a,, b,, ¢,
d3, e3)
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and oxidized wear regions with an open-pore structure
along the sliding direction with electrical current, and the
surface roughness of carbon strip under an electric current is
significantly higher than that of carbon strip under no
electric current. Moreover, the increase in current density
results in more arc crater and open pores, the gradual
decrease in the size of wear debris adhered to the wear scars,
as well as the increase in the amount of wear particles due to
the enhanced oxidation extent [20] (Fig. 2a3—e3). This may
be due to that owing to the absence of the electric current,
the wear layers generated between the carbon/copper pairs
can easily maintain a dynamic state of balance. Conse-
quently, only low-stress abrasive wear and fatigue wear
occurred under non-current-carrying condition. By contrast,
the worn surface of carbon strip under an electric current
exhibits thermal expansion [21], fatigue peeling and arc
erosion phenomena, which would facilitate the generation
of small wear debris. Moreover, the active sites of carbon on
the worn surface are easily oxidized by thermal effects of
arcing [8], which inevitably leads to the loosening of

Fig. 3 SEM morphologies of
the wear debris of carbon
contact strip under electric
current density: a at J =0
A/cmz; b at J = 250 A/cmz;
¢ at J = 375 Alem?;

d at J = 500 Alem?;

e at J = 650 Alem®

granules or coking of agglomerates. The higher the current
density, the higher the degree of oxidation of carbon
materials, which facilitates the formation of an open-pore
structure in wear scar areas. This is consistent with the
increase in the wear rate described in Sect. 3.1.

According to these observations, a typical wear scar area
consists of ablation scars, arc craters and non-peeling wear
debris under combined arcing and sliding friction. The
results indicate that the tribological behavior under con-
tinuous arcing conditions is due to the interaction between
arc erosion wear and oxidative wear, as well as fatigue
peeling.

3.2.2 Characterization of the Wear Debris

The wear debris delaminated from the worn surface plays a
key role in research on friction processes. Figure 3 shows
the SEM morphologies of the wear debris of carbon contact
strip under the electric current density of 0, 250, 375, 500
and 650 A/cm?.

Ty
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Figure 3 shows a significant difference between the
morphologies of the wear debris produced at different
current densities. As shown in Fig. 3a, the wear debris
presents a typical morphology featuring irregular thin
flakes when there is no current, and there are few spherical
particles observed. However, during the current-carrier
friction, the amount of wear particles gradually increases,
as well as the size of the flake wear debris decreases.
Furthermore, as the electric current density increases, the
particles coalesce into larger blocky agglomerates and the
size of the laminate debris increases (Fig. 3b—e). As men-
tioned in Sect. 3.2.1, this is attributed to the fact that the
asperities on the wear scars of the carbon strip are shear-
fractured and ground during the wear process, which
directly leads to the detachment of wear particles from the
contact interface. These observations clearly indicate that
the thin-flake wear debris gradually transforms into gran-
ular structures, agglomerates and blocks with the increase
in electric current density.

3.3 Effects of Electric Current Density on the Raman
Spectra of the Wear Scars

The Raman spectra of corresponding wear scar samples
under different electric current density are shown in Fig. 4.
As shown in the figure, the main peaks [22] of all of the
wear scar samples occur at similar positions, i.e., the
G-band (a characteristic feature of the relative motion of
sp> carbon atoms [23]) occurs at approximately
1,580 cm™! and the D-band (a typical feature of defective
graphitic structures) occurs at approximately 1,360 cm™".
The intensity ratio of the D-band and G-band of the Raman
signal, referred to as the R value (R = Ip/I;), introduced by
Tuinstra and Koenig [24], is listed in Table 1 for each
sample. The R value was used to evaluate the effective
crystallite size in the direction of the graphite plane (L,).
The increase in Ip/l; intensity ratio corresponds to the
decrease in the average crystallite size of sp®-bonded
clusters in the stage from graphite to nanocrystalline
graphite [23]. In addition, L, increases when there is a rise
in the ordered degree [25]. Thus, to some extent, the peak
intensity ratio of R (Ip/l;) can represent the degree of
graphitization [26], and the value of R is inversely pro-
portional to the degree of graphitization [27]. Table 1
shows that the degree of graphitization of carbon in the
wear scar areas first increases (I < 500 A/cm?) and then
decreases (I > 500 A/cmz). In addition, the G-band inten-
sities in the Raman spectra are higher than those of the
D-band at 0, 250, 375 and 500 A/cm? in the wear scar
areas, and the widths of the G-band are narrower than those
of the D-band. This is mainly because the frictional heat
and Joule heat, as well as the arc heat between the carbon/
copper pairs when the current density is within 500 A/cm?,
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provide enough energy to transform the texture and struc-
ture of the crystallites, which results in the increase in the
degree of graphitization in the crystalline regions of the
wear scar areas. However, the graphitic crystallites of the
wear scars of carbon strip were destroyed as a result of
oxidation and ablation under arcing conditions when the
current density was 650 A/cm?.

3.4 TEM Investigation of the Wear Debris

TEM images, high-resolution transmission electron
microscopy (HRTEM) images and the corresponding fast
Fourier transform (FFT) images of the carbon matrix and
the wear debris under current density of 500 and 650 A/
cm? are shown in Fig. 5.

The TEM images in Fig. 5 show clear differences
between the carbon matrix and the two types of wear debris.
Figure 5a; exhibits a preferred orientation of the graphitic
crystallites in the carbon matrix, and there are no significant
hallmarks of oxidation wear in the morphology. Novel
entwined turbostratic carbon nanospheres (ETCNs), which
have a similar structural characteristic to the carbon nano-
spheres prepared by rolling [28, 29], chemical vapor

650 Alcm?

Intensity/a.u.

n 1 n n 1 n
1200 1300 1400 1500 1600 1700 1800

Raman Shift/cm’
Fig. 4 Raman spectra of the wear scar areas of carbon strip under an

electric current density

Table 1 Raman spectra data obtained in the wear scar areas of carbon
strip

Areas Current D/em™! Glem™ R 1/R
density/A/cm?
Wear scar 0 1,360.93 1,591.54 1.28 0.78
areas 250 1,357.93  1,587.04 0.84 1.19
375 1,350.43  1,605.05 0.88 1.13
500 1,359.93  1,582.54 0.60 1.67
650 1,377.44  1,59555 092 1.09
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deposition [30] and arc discharge [31], were clearly
observed with a sphere-like stacking in the morphologies of
wear debris of the carbon strip produced during the friction
process with current (Fig. 5b, c). Besides, we can find that
the higher the applied electric current density, the greater
the number and size of ETCNs, by comparing Fig. 5b, c.
In order to acquire a better understanding of the ETCN,
HRTEM images and the corresponding FFT images of
ETCNs were shown. Compared to the structure of the
carbon matrix (Fig. 5a,), the ETCNs exhibit a texture

Fig. 5 TEM images and
corresponding FFT images: a,
b, ¢ TEM images of the carbon
matrix, the wear debris at

J = 500 A/em? and the wear
debris at J = 650 Alem?; a;, by,
c; HRTEM images of the
carbon matrix, the wear debris
at J = 500 A/cm? and the wear
debris at J = 650 A/em?; as, b,
¢, FFT images of a;, by, c;

1 00nm
S

composed of organized curved-crystalline regions inter-
spersed with texture-less regions, which show a structure of
scrolled graphene layers (Fig. 5by, c{). This discrepancy
indicates that the degree of preferred orientation within the
wear debris is clearly reduced and the intertwined texture is
produced mainly due to the thermal effects of arcing,
which may be one of the reasons for the severe wear of the
carbon strip [32]. The formation mechanism of ETCN is
similar to that of corannulene-like carbon structures [29,
33, 34]. First, the crystallite regions in areas of arc erosion
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Fig. 6 State of the worn surface of carbon strip: a without electrical current, b at J = 500 A/cmz, ¢ at J = 650 A/em?

become texture-less due to the high temperature instantly
induced by arcing, which directly leads to changes in
textural features, and the structure of the better-organized
crystalline regions is converted to texture-less to counteract
the arc ablation. Second, due to the different extents of
heating expansion of the carbon layers on wear scars at
high temperature and stress, the crystalline states of the
carbon layers are altered and rearranged, causing the ET-
CNs to curvature and deform [28]. The numerous sphere-
like stacks composed of texture-less regions/organized
curved-crystalline regions are formed by high-temperature
electric arcing. The heat generated from the arc discharge
directly leads to the abscission and heat damage of the wear
debris, and the ETCNs are formed easily to reduce the
surface free energy by bending and rearranging the carbon
layers. In addition, the variation in the (002) diffraction arc
shown in Fig. 5 is consistent with change in the texture of
the crystalline states based on the FFT images of the entire
field of view [35]. The study shows that the formation of
ETCNs is closely related to the arc discharge; however, to
better understand the formation mechanisms and the effects
to the wear process, further study is required.

3.5 Arc Erosion Wear Mechanisms of the Carbon/
Copper Pair

Figure 6 shows the state of the worn surface of carbon
strip, which is simulated from the SEM morphologies of
the worn surfaces (Fig. 2). The discussion of Arc erosion
wear mechanisms of the carbon/copper pair is based on the
observations and analysis above.

Figure 6a shows that a few wear fragments in the form
of thin flakes were produced during mechanical wear
testing in the absence of an electrical current. These flakes
were attached to the interfaces of the carbon/copper pair to
effectively prevent the friction pairs from making direct
contact. As a result, the model of purely mechanical wear
mainly includes low-stress abrasive particle wear and
fatigue wear, as well as mild adhesive wear. However,
during the friction process with current, it is now generally
accepted that the oxidation and gasification around the
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arcing area are easily induced by arcing [8, 9, 17].
Therefore, a portion of carbon material is lost by subli-
mation and oxidation [14, 36]. As expected, arc craters are
found as shown in Fig. 6b, c. While it should be noted that
the increase in electrical intensity activates the oxidation
process at the interface [10, 37], as mentioned in Sect. 3.1,
the carbon strip would directly oxidized in an oxidizing
atmosphere when the worn surface is overheated.

In short, it can be concluded that the arc erosion wear
mechanisms of carbon strip sliding against copper under
continuous arcing conditions are mainly due to the syner-
getic action of oxidation ablation, local electric arc impact
and high-temperature graphitization.

4 Conclusions

To obtain a comprehensive understanding of the arc ero-
sion wear characteristics and mechanisms of pure carbon
strip against copper under continuous arcing conditions,
detailed wear testing and structural characterization were
performed. The microstructure of the carbon material turns
into low texture under continuous arcing conditions. Typ-
ical entwined turbostratic carbon nanospheres exhibiting
sphere-like stacking structure were found in the micro-
structure of wear debris of the carbon strip under the
interaction of arcing and sliding friction; these bodies were
different from those found in the carbon matrix. In addi-
tion, the number and size of ETCNs increase under higher
electric current density. A combination behavior of arc
erosion wear and oxidative wear, as well as fatigue peeling,
is the dominant wear mechanism of pure carbon strip
against copper during the electrical sliding wear process.
The arc erosion wear mechanisms of pure carbon strip
against copper are mainly due to the synergetic action of
oxidation ablation, local electric arc impact and high-
temperature graphitization under continuous arcing.
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