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Abstract: Most electric locomotives currently draw power from overhead contact lines.
As train speeds continue to increase, irregularities in the contact wire cause system
vibrations, leading to frequent pantograph-catenary arc discharges. The presence of
arcing imparts distinctive friction, wear, and erosion product characteristics to the
current-carrying friction process. Carbon/copper materials subjected to arc erosion
exhibit significant differences in surface morphology and physicochemical properties
compared to those resulting from pure mechanical wear. In this study, the phenomenon
of arcing due to contact wire irregularities under simulated service conditions was
investigated to examine the effects of arcing on the current-carrying wear behavior of
carbon strips in pantograph-catenary systems and the resulting erosion products. The
results indicate that current magnitude is positively correlated with the friction
coefficient, temperature, arc ignition rate, and arc energy. Increased current shifts the



dominant wear mechanism from abrasive wear to arc-induced erosion. Moreover,
higher current levels promote the emission of particles, especially small-sized ones,
while the proportion of medium and large-sized particles also increases. However,
sustained intense arcing slightly reduces the total particle count due to material
sublimation. The microscopic morphology of the particles is predominantly
characterized by onion-like carbon spheres encapsulated with copper nanoparticles and
multi-walled carbon nanotubes. Additionally, arc erosion significantly enhances the
crystallinity and graphitization degree of the carbon material. This study provides an
in-depth analysis of arc-induced erosion products and contributes to the theoretical
understanding of the microstructural evolution and graphitization behavior of carbon
materials under arcing conditions.

Keywords: Current-carrying friction and wear, C/Cu, arc erosion, erosion products,
onion-like carbon, graphitization

1 Introduction

In recent years, to alleviate urban traffic pressure, subways have become a key
focus in urban rail transit construction. As of 2024, the operational mileage of subways
in mainland China has reached 11,232 kilometers ). Among these, the rigid catenary
system has become the primary method for subway power supply due to its simple
structure, minimal tunnel space occupation, cost-effectiveness, and conductive
capabilities 1],

As the primary power source for trains, the pantograph-catenary contact pair
undergoes high-speed sliding friction under electrified conditions, inevitably leading to
the occurrence of electric arcs [*!. Arcs can alter the current-carrying performance and
wear mechanism of the contact pair [*!. Firstly, electric arcs significantly affect the
system's electrical conductivity . Arcs caused by system vibrations lead to
fluctuations in current and voltage, and may even result in current interruption (7],
Yang et al. ) found that arc sparks cause minor current distortion, while prolonged arc
discharges lead to significant current distortion. Consequently, the occurrence of arcs
alters the overall current-carrying efficiency and stability of the system [ 7,
Furthermore, electric arcs severely impact the friction characteristics and wear

191 concluded that the wear mechanisms of carbon

mechanisms of materials. Mei et al.
strips against contact wire sliding electrical contacts mainly include arc erosion, heat-
enhanced wear, and adhesive wear. The degree of surface damage and the temperature
of the contact pair exhibit a strong positive correlation with arc intensity. Additionally,
arc discharge substantially exacerbates the transfer of Cu material on the friction
surface !, while prolonged arc erosion duration also leads to an increase in the friction

coefficient of carbon strips ['!l. Ren et al. ?! suggested that the energy of arc discharge



is proportional to the sliding speed. High sliding speeds intensify arc discharge
phenomena, and the energy generated by strong arc discharges can cause instantaneous
flash temperatures on the contact surface to reach as high as 6,000 K 2], resulting in
the immediate vaporization of carbon material into the surrounding air environment.
Moreover, particulate matter generated by the friction in pantograph-catenary
systems represents one of the three primary sources of particulate emissions in railway

systems. Research by Vania Martins et al. [*]

identified barium, copper, manganese,
zinc, chromium, antimony, strontium, nickel, tin, cobalt, zirconium, and molybdenum
as the trace elements most highly enriched in subway PM2.5. According to an

investigation by Keith Van Ryswyk et al. 4

, subway commuting in Montreal
contributes up to 97% of the daily exposure to copper in PM2.5, with a portion of the
copper in subway particulate matter believed to originate from the pantograph-catenary
system 131, The high temperatures induced by arcing in pantograph-catenary systems
can lead to the sulfidation or oxidation of metal particles [/, In fact, beyond mechanical
friction, the particulate matter generated by the friction pairs in these systems is largely
attributed to the increased friction products resulting from arcing during operation ['7-13]
thereby exacerbating particulate emissions. Simultaneously, arc erosion can

significantly alter material properties. Zhou et al.

suggested that the high
temperatures generated by arcing can cause the formation and rupture of graphite
lubricating films on the surface of carbon materials. The instantaneous high
temperatures from arc discharge may also lead to the melting and sublimation of
graphite on material surfaces ), adversely affecting system performance. Gao et al. [2!]
found that increased current induces more internal defects in carbon materials, resulting
in a highly disordered structure and consequently deteriorating friction and wear
performance. Conversely, Yu et al. [?2 discovered that after current-carrying friction, a
T-shaped crystal structure forms in the wear scars of hydrogenated amorphous carbon
films, which enhances electrical conductivity.

While substantial research has been conducted on the current-carrying friction-
wear characteristics of pantograph-catenary systems under arc erosion and the
macroscopic changes in material surface morphology, few studies have explored the
correlation between the erosive wear characteristics of carbon contact strips and
particulate matter emissions, or examined the microstructural evolution of carbon
materials under different electrical current conditions. To address this gap, this paper
systematically investigates the impact of electric arcs on particulate emissions and
erosion products by varying current intensity under conditions of contact wire
irregularity. In rail transit systems, the irregularity of the contact wire is almost
inevitable, which is essentially a stochastic process formed by the superposition of
random irregularities with diverse wavelengths, phases and amplitudes [2],
Nevertheless, for an infinitely long catenary system, such irregularity can be

approximated as a stationary and ergodic stochastic process and can generally be



24231 Accordingly, in this paper, the

represented by an ideal sinusoidal function
periodic irregularity conditions of the contact wire are simulated by setting the
irregularity of the copper disc with the aid of a pin-on-disc tribometer. The study
establishes a link between the friction-wear properties of carbon strips and particulate
emission levels, and identifies characteristic transformations in arc erosion products.
This work contributes to a deeper understanding of arc erosion mechanisms in
pantograph-catenary systems, providing a theoretical basis for reducing particulate

emissions and enhancing operational reliability.

2 Test equipment and methodology

2.1 Test materials

The carbon strips used in this test are consistent with those currently employed in
high-speed railway systems. The carbon strips were removed from the pantograph and
processed into multiple cylindrical specimens, each with a diameter of 10 mm and a
height of 30 mm. The material has a bulk density of 1.66 g/cm?® with a chemical
composition of 85% carbon, and the remainder consisting of oxygen, sulfur, nitrogen,
chlorine, phosphorus, and calcium. The friction counterpart disk was made of red
copper with a purity of 99.9%, and the disk radius was 98 mm.

2.2 Test equipment

The test was conducted on an electrical friction wear test rig, with the experimental
setup illustrated in Fig. 1(a). The test system mainly consists of a pin-on-disc electrical
friction wear tester, a photodiode, a particulate sampler, and a particle counter (CLJ-
A3016, Deans Instrument Technology Co. LTD, China). Prior to testing, the carbon pin
was installed in the upper fixture and brought into contact with the copper disc. The
electrical circuit, as schematically shown in Fig. 1(b), includes a DC regulated power
supply, a variable resistor, the carbon pin, the copper disc, a current sensor, a voltage
sensor, a data acquisition card, and connecting wires. A mechanical sensor continuously
measures the normal load and shear force between the friction pairs in real time. A Hall
current sensor and a voltage sensor monitor the circuit current and the voltage across
the friction pairs, respectively. A high-precision photodiode (S5971, Hamamatsu
PhotonicsK.K., Japan) with a wavelength response range of 300—1100 nm is used to
detect arc intensity. All measured digital signals are recorded and stored in real time by
a data acquisition module.
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Fig. 1 Pin-on-disc current-carrying friction and wear test rig: (a) schematic diagram of the setup, (b)

circuit diagram, (c) method for setting disc surface irregularities

2.3 Test procedure

Prior to formal testing, a preload was applied to ensure contact between the carbon
pin and the copper disc, followed by several hours of low-speed running-in to achieve
stable contact conditions. To simulate the arcing phenomenon caused by the irregularity
of the contact wire, an uneven amplitude is introduced by elevating one side of the disk,
as shown in Fig. 1(c). The irregularities of the contact wire are mainly classified into
several types, including large irregularities, irregular suspension point positions, and
minor irregularities (>*). Among them, minor irregularities have amplitudes greater than
0.3 mm. Therefore, an irregularity amplitude of 0.4 mm is selected to study its impact
on carbon strips wear. The highest point on the copper disc is marked as position 4, and
the lowest as position 1. After running-in, the carbon pin was weighed and installed in
the fixture to maintain tight contact with the copper disc, with a rotational radius of 82
mm. Tests were conducted under currents of 0, 25, 35, 50, 65, and 80 A, at a sliding
speed of 2.06 m/s, a normal load of 25 N, and for 2400 cycles. During testing,
particulate matter was continuously collected, and its concentration was monitored in
real time. In addition, when the test lasted 9 min, an infrared thermometer (InfiRay
M305, IRay Technology Co., Ltd., China) was used to detect instantaneous temperature
in the contact area, respectively. After testing, the carbon specimen was removed and
weighed, and wear debris on the copper disc was collected using conductive tape for
subsequent analysis.

2.4 Data processing and characterization

Poor contact between the carbon pin and copper disc can result in arc discharge.
Parameters such as current and voltage during the test were collected via a data
acquisition system, and the cumulative arc energy was calculated using Equation (1):

E=[Uld, (D



Where E is the cumulative arc energy (kJ), / is the circuit current (A), and U is the
voltage drop between the copper disc and the carbon pin (V). The integration is
performed over the entire duration of the test.

The arc occurrence rate is used to quantify the frequency of arc generation under
irregular conditions, expressed by Equation (2):

K X 100% (2)
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Where K is the arc occurrence rate, N is the number of arc occurrences, At is the
duration of a single arc, and ¢ is the total duration. Arc light signals were acquired using
a photodiode at a sampling frequency of 40 Hz. In the absence of arcing, the measured
light intensity was zero, while the occurrence of an arc yielded a non-zero light intensity.
The arcing duration throughout the test was calculated by dividing the number of data
points exhibiting non-zero light intensity by 40.

Current-carrying efficiency and current-carrying stability are used to characterize
the current transfer quality of the friction pair. The current-carrying efficiency, which
reflects the dynamic contact state of the current-carrying system, is expressed by
Equation (3). The current-carrying stability, which indicates the magnitude of current
fluctuation during the conduction process, is expressed by Equation (4).

N =1 x 100% (3)

Where 1] is the current-carrying efficiency, where I is the average current during
the test and /o is the current when the friction pair is in stationary contact.
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Where o represents the current-carrying stability, /i is the instantaneous sampled
current value (A), and # is the total number of current data points collected during the
test.

Arc duration is one of the key parameters characterizing arc behavior. In the
experiment, arc duration was recorded using a high-speed camera (i-SPEED 717, iX
Cameras Ltd., UK). The camera captured arc images between the contact pairs at a
frame rate of 1000 frames per second, and the arc duration was determined by counting
the number of frames from arc initiation to extinction.

The worn surfaces and debris morphology of the materials were examined using a
scanning electron microscope (SEM; HITACHI SU8010, HITACHI, Japan) and an
energy dispersive spectrometer (EDS; X-Flash 6160, Bruker, USA). A 3D profilometer
(Zygo, ZeGage™ Pro HR, Zygo Corporation, USA) was employed to measure the two-
dimensional profiles and three-dimensional topography of the wear scars. Additionally,
the chemical composition of several typical wear scars was analyzed by X-ray
photoelectron spectroscopy (XPS; Thermo Fisher Scientific, USA). Collected particles
from filter papers were ultrasonically dispersed, uniformly dropped onto molybdenum



films, and then examined by transmission electron microscopy (TEM, JEM-2100plus)
to observe morphological characteristics and analyze elemental distribution.

3 Results and discussion

3.1 Current-carrying friction and wear performance

Fig. 2(a) shows the evolution of the friction coefficient with the number of cycles
for the C/Cu contact pair under different current levels. In the absence of electrical
current, the friction coefficient remains stable without fluctuations. When current is
applied, slight fluctuations in the friction coefficient emerge and become progressively
more pronounced with increasing current. The most severe fluctuations occur at 80 A.
Comparison reveals that the friction coefficient reaches its minimum value at 35 A.
Beyond this point, the average friction coefficient increases with further increase in
current. The introduction of electrical current significantly deteriorates the friction and
wear performance of the materials. Moreover, as shown in Fig. 2(b), the application of
current leads to a substantial increase in wear loss, with a particularly notable rise
observed when the current exceeds 50 A. At 80 A, the wear loss is nearly 266 times
higher than that under dry sliding conditions without current. This indicates that the
material damage under current-carrying conditions is far more severe than under
conventional dry friction, and this effect becomes increasingly pronounced with higher
currents. Additionally, under 0 A condition, the contact pair temperature measured in
the late stage of the test (at 2160 cycles) is only 29 °C. With current applied, the
temperature rises continuously, reaching 365 °C at 80 A. This temperature increase is
attributed not only to frictional heating but also to additional Joule heating and arc-
induced heating caused by the current. Higher current levels generate more heat,
resulting in a significant temperature rise on the material surface.
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Fig. 2 Tribological performance of the contact pair under different current: (a) friction coefficient;

(b) wear loss and temperature

Arc discharge occurred across all test conditions from 35 A to 80 A. However, at
35 A-50 A, the generated arcs are predominantly faint arcs, as illustrated in Fig. 3(a-1).
These arcs are characterized by rapid ignition and extinction, rendering them difficult
to detect reliably, as shown in the inset of Fig. 3(b). When the current increases to 65



A, strong arc (similar to Fig. 3 (a-2)) discharges are observed in the early stage of the
test. As the test progresses, the arc intensity gradually weakens. This behavior can be
attributed to changes in the surface condition of the contact pair during the initial
running-in period. In the early stage, the contact pair undergoes a running-in process
accompanied by intense arcing. After running-in, carbon wear debris fills the gaps
between surface asperities and provides a certain lubricating effect, thereby reducing
subsequent arc generation. When the current is increased to 80 A, arc discharge persists
throughout almost the entire test cycle, with significantly higher intensity compared to
other current levels. In particular, during the last 1000 cycles, the arc intensity increases
markedly and remains high until the end of the test. This indicates that under high
current conditions, arc discharge causes cumulative damage to the contact pair. The
synergistic effect of prolonged arc erosion and mechanical wear gradually degrades the
contact condition and exacerbates interface damage, leading to persistent and
intensified arc discharges in the later stages. This positive feedback mechanism makes
arc-induced damage more severe under high current conditions, while also revealing
the complex interaction between arc discharge and the surface state of the contact pair.
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Fig. 3 Arc characteristics of the contact pair under different current: (a) high-speed camera

images of arc morphology; (b) variation of arc intensity with cycle number

In high-speed current-carrying friction, arc discharge significantly influences the
friction and wear performance as well as the service life of materials [!!. Fig. 4(a) shows
the variation of arc occurrence rate and cumulative arc energy with current in the
experiments. When the current ranges from 25 A to 50 A, the arc occurrence rate
remains at a low level (below 5%). However, as the current increases to 65 A, the arc
occurrence rate rises sharply. Here, 50 A serves as a critical threshold: beyond this value,
the frequency of strong arc discharges increases significantly. At 80 A, the arc
occurrence rate reaches 43.47%. Similarly, the cumulative arc energy exhibits a positive
correlation with current. In the range of 35 - 65 A, the growth rate of arc energy remains
relatively consistent. Since arc energy is proportional to both the voltage drop across
the contact pair and the current, the emergence of strong arcs at 80 A transforms what
would otherwise be a completely broken circuit into a sustained arc-conducting state.
This leads to a slightly higher growth rate of arc energy compared to that at 65 A. Thus,
cumulative arc energy can, to some extent, quantitatively represent the characteristics
of arc discharge 1%,



The duration of arc discharge directly influences both arc energy and material loss
(261 Fig. 4(b) shows the average arc duration of the contact pair under different current
levels. It should be noted that arc ignition timing and location exhibit significant
randomness, leading to variations in actual arc duration even under the same current
condition, reflecting the complexity and uncertainty of arc behavior. As the current
increases, both the average and maximum arc durations display an increasing trend,
with a particularly pronounced rise from 65 Ato 80 A. At 35 A, the average arc duration
is relatively short, only 7.28 ms, indicating limited impact on energy release and
material loss. When the current reaches 80 A, however, the average arc duration
increases significantly to 60.66 ms, while the maximum duration reaches 239 ms. This
sharp contrast highlights the intensified arcing behavior under high current conditions.
The increase in both the frequency of strong arc discharges and the average arc duration
collectively contributes to the rise in arc occurrence rate. This synergy is the primary
reason for the sharp increase in arc occurrence rate when the current exceeds 65 A.
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Fig. 4 Arc parameters under different current: (a) actual arc energy and arc rate; (b) arc duration
3.2 Arc erosion characteristics

Under current-carrying friction conditions, wear on the contact surface of the
friction pair is complex. With increasing current, the wear mechanism evolves from
mechanical wear to electrochemical wear as the dominant mode. This transition has
been elaborated in detail in our previously published work 2!, Therefore, this section
only compares and discusses the arc erosion morphologies of the friction pair surfaces
under different current conditions. Fig. 5 shows the wear morphology of the carbon
friction pair under different current levels. At 35 A, the locations and sizes of arc erosion
pits appear randomly distributed (Fig. 5(a)). This randomness arises because the micro-
asperities that carry the load and current during contact and relative motion change
dynamically, leading to variations in both the position and intensity of individual arc
discharges. Upon closer examination, the arc-eroded surface exhibits a network-like
microstructure (Fig. 5(b-c)). At 50 A, the erosion pits show a powdered and porous
network structure (Fig. 5(d-e)), along with patchy granular features encased in
carbonaceous material (Fig. 5(f)). When the current increases to 65 A, the area of the
erosion pits expands significantly (Region A in Fig. 5(g)). The high, localized



temperature generated during arcing creates substantial thermal gradients on the
specimen surface, causing thermal expansion in the surrounding areas. Under the
combined action of repeated thermal stress, normal stress, and friction-induced shear
stress, fatigue cracks gradually form, eventually developing into a loose, crack-filled
layer (Fig. 5(h)). The underlying material also exhibits nanotubes structure (Fig. 5(1)).
At 80 A, the worn surface shows multiple spalling areas and cracks, with numerous
pores of varying sizes at the bottom of the erosion pits (Fig. 5(j-1)). During sliding, the
crack-affected zones undergo repeated impact and compressive stress, promoting crack
propagation. When cracks extend and interconnect, the affected material spalls off
under shear stress. The resulting uneven surface enhances electron emission, facilitating
further arc ignition. Moreover, arc root movement becomes more difficult across such
rough areas, intensifying local arc erosion. Throughout the wear/erosion process, these
cracked regions act as preferential sites for arc attack and represent vulnerable points

in the material.

(ﬁbj: R

4

¥ See (D) o
o4 b

K ”x’@ 5 Y _: N\ Arc erosion’pits n//

Y/ W a ¥
Weamdebris . 3 f
o Xi

LS QP A
. AMlerosion'traces

Nanetubes structure
- A
¥ 8

B

ﬂ” U Ablation residues
&.

SE(UL)

Fig. 5 Microscopic morphology of worn carbon surfaces under different current: (a-c) 35A; (d-f)
50A; (g-1) 65A; (j-1) 80A



To analyze the elemental composition and atomic valence states on the carbon
material surface, XPS tests were conducted on specimens after current-carrying tests at
0 A, 35 A, and 80 A (Fig. 6). Peaks corresponding to C 1s, O 1s, and Cu 2p were
detected on the material surface under all three conditions. However, significant
differences in the valence states of surface elements were observed between pure
mechanical wear (0 A) and electrically dominated wear (80 A). The main C 1s peak at
80 A is noticeably asymmetric and shifts toward higher binding energy. Peak fitting
reveals that the C 1s spectrum decomposes into four sub-peaks, corresponding to C-C,
C-O-C, O-C=0, and sp? -hybridized carbon. The appearance of sp? carbon (284.0 eV),
a characteristic hybridization state of graphitic compounds, is attributed to the persistent
strong arcing and associated temperature rise at the contact surface under 80 A. To reach
a more stable state, the carbon material tends to form the lower-energy sp*-hybridized
structure, thereby increasing the degree of surface graphitization [?®2°1, Analysis of the
Cu 2p spectra shows that at 0 A, only weak satellite peaks are present, indicating the
dominance of Cu’ and Cu" species. Under pure mechanical wear, the low interfacial
temperature (Fig. 2b) allows copper material removed from the disc to transfer to the
carbon surface. At 35 A, the peak observed at 934.4 eV corresponds to the Cu?* 2p*?
state 3% At 80 A, the area of the peak at 933.9 eV increases relative to that at 35 A,
indicating the presence of Cu?* oxides P!, The elevated temperature under high current
significantly promotes the oxidation of copper, transforming some Cu® and Cu20 into
CuO. The O 1s spectrum is deconvoluted into three peaks assigned to metal oxide
(530.5eV), metal carbonate (532.2 eV), and C=0O (533.8 ¢V). The metal oxide peak
area at 35 A is smaller than that at 80 A, further confirming that high current promotes

the formation of metal oxides on the worn surface.
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Fig. 6 XPS spectra of the carbon material surface under different current levels

To better understand the arc erosion characteristics of the contact pair materials,
wear debris from different locations on the copper disc under various current levels was
examined (Fig. 7). Under smooth operating conditions at 35 A (Fig. 7(a)), the contact
between the carbon pin and copper disc remains stable with no arc occurrence. The
wear debris mainly consists of copper or carbon fragments sheared or peeled from the
contact surfaces, with copper appearing as chips or flakes. When the copper disc
exhibits irregular surface conditions, debris at the highest point (Position 4) shows
flake- or block-shaped morphology due to severe interfacial shearing (Fig. 7(b)),
indicating the dominance of mechanical wear *?. Observation of debris from Position
3 of Cu disc reveals distinct morphological variations under different currents (Fig. 7(c-
f)). Combining the results from Fig. 5(1) and Fig. 7(g), the white spherical particles in
the debris are identified as copper ['7), and most arc-eroded debris exhibits a carbon-
encapsulated-copper structure (Fig. 7(g-h)). At 35 A, the carbon layer encapsulates
copper nanoparticles with sizes ranging from 10 to 40 nm (Fig. 7(c)). Under 50-65 A
conditions, the copper particles within the debris are notably smaller, mostly below 10
nm (Fig. 7(d-e)). At 80 A, the graphite tends to reach a molten state (Fig. 7(f)), as local
temperatures induced by arc erosion exceed the sublimation temperature of graphite.
The high temperature vaporizes carbon from the graphite into the arc, forming various
compounds. When the arc extinguishes or moves, these compounds may deposit on the
friction surface if conditions permit. Consequently, under prolonged and intense arc
erosion, both friction pairs suffer severe damage.
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Fig. 7 Micromorphology and elemental analysis of wear debris under different current

3.3 Particulate matter emissions and characteristics

The fine copper-rich particles generated during the pantograph—catenary current-
carrying friction process pose significant risks to human health [**). Therefore, this study
investigates and analyzes the particle size distribution and morphological
characteristics of particle emissions under various operating conditions. Based on
particle size ranges, particles of 0.3 um and 0.5 pm are classified as small-sized, those
of 1.0 um and 3.0 pum as medium-sized, and particles of 5.0 um and 10.0 um as large-
sized. The total number and concentration distribution of particles during the stable
phase (i.e., the last 480 cycles before the end of the test) are presented in the line chart
and bar graph in Fig. 8. Clearly, the total particle emissions under low-current
conditions are significantly lower than those under high-current conditions. At 35 A,
the surface properties of the carbon material deteriorate, leading to a sharp increase in
particles released into the air. The total particle count rises from 4.23x10° at 0 A to
1.57x10° at 35 A. As the current continues to increase, the total number of particles also
rises, with a notable increase in small-sized particles. The total particle count reaches
its maximum at 65 A. However, at 80 A, the total number of particles decreases slightly.
The pie chart in Fig. 8 shows the statistical analysis of the proportion of particles of
different sizes over the entire cycle. The proportion of small-sized particles gradually
decreases as the current increases, while the proportion of medium-sized particles
increases (only 3% at 25 A, stabilizing at around 25% at 50 A and above). Similarly,
the proportion of large-sized particles also increases significantly. These findings
indicate that particle emissions are current-dependent. An increase in current promotes
the emission of particles, particularly small-sized ones, while the proportions of
medium and large-sized particles also rise. However, the continuous generation of
strong arcs leads to a slight reduction in the total number of particles due to material

sublimation.
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Fig. 8 Statistical data on particle emissions under different current: total particle concentration,

quantity, and size distribution

The microstructure and elemental distribution of particulate matter in the air
surrounding the contact pair were analyzed using TEM and elemental mapping (at 0 A
and 65 A), as shown in Fig. 9. Under 0 A (Fig. 9(a-c)), the particles primarily consist of
amorphous carbon spheres and carbon clusters with relatively large dimensions, where
individual carbon spheres have diameters of approximately 200 nm. These carbon
materials are sheared and detached from the surface by the micro-asperities of the
copper counterpart under mechanical action, subsequently being emitted into the air. In
contrast, under 65 A (Fig. 9(d-f)), the morphology and composition of the particles
change significantly. The particles contain a substantial number of large carbon sheets
exhibiting layered or flake-like structures. More notably, these carbon sheets are
uniformly embedded with extremely fine particles approximately 2-4 nm in diameter.
Elemental analysis confirms that these fine particles are copper nanoparticles (Fig. 9(g)).
The formation of this structure is closely related to arcing. The high temperature
generated by the electric arc causes localized melting and splashing of the copper
material. The splashed copper nanoparticles combine with the softened carbon sheets
under high-temperature conditions, ultimately forming a composite structure in which
carbon sheets encapsulate copper nanoparticles. These composite particles are then
released into the air %, becoming a significant component of the particulate matter

around the contact pair.



Fig. 9 Microstructure and element distribution of particulate matter

Fig. 10 presents TEM images and EDS elemental distribution of particles captured
around the friction pair under the 80 A condition. At this elevated current, the particles
exhibit a high carbon content, primarily existing in the form of layered carbon sheets.
These layers are predominantly composed of carbon spheres and multi-walled carbon
nanotubes (Fig. 10(a, b)). Copper nanoparticles are either attached to the carbon layers
or encapsulated within them, with their distribution consistent with that of sulfur and
oxygen (Fig. 10(d, e)). This suggests that during arc ablation, volatilized substances
from the carbon material chemically react with copper vapor from the copper friction
pair, forming composites. The carbon nanotubes observed are mostly closed-ended,
with outer diameters ranging from approximately 100 to 150 nm (Fig. 10(b)). These
findings also confirm that the tubular structures observed in the ablation pits of the
carbon friction pair under the 65 A condition in Fig. 5(i) are indeed carbon nanotubes.
These carbon nanotubes are generated by the arc discharge method. Traditionally, this
method involves high-voltage discharge in an inert gas environment to generate high-
temperature plasma from graphite electrodes, leading to the formation of carbon atom
clusters and subsequent growth of carbon nanotubes. In this experiment, although the
surrounding environment is air, However, the continuous combustion of the electric arc
consumes most of the air in the narrow space between the contact surfaces, thus
favoring the formation of carbon nanotubes. Compared to those produced by methods



such as chemical vapor deposition (CVD), the carbon nanotubes generated here exhibit
relatively larger diameters. High-magnification observation of the carbon spheres
reveals that they consist of multiple graphite-like layers with a hollow center (Fig.
10(c)), indicating a relatively ordered onion-like carbon structure [**l. This structure is
similar in morphology and size to the onion-like carbon obtained through 100 cycles of
vacuum arc deposition as reported in Ref. [35]. Onion-like carbon consists of quasi-
spherical particles with closed concentric shells, with diameters ranging from 10 to 20
nm. The selected area electron diffraction (SAED) pattern shows distinct diffraction
rings (inset in Fig. 10(c)), further confirming that the onion-like carbon is composed of
well-graphitized carbon layers. The inter-shell spacing is approximately 0.34 nm, which
closely matches the lattice parameter d 002 (0.336 nm) of bulk graphite. According to
Fig. 10, the carbon collected under the 65 A condition is amorphous, whereas onion-
like carbon is formed under the 80 A condition. This structural evolution can be
attributed to two main factors. On one hand, the transformation of carbon into
nanocrystalline carbon at high temperatures is closely related to its crystal structure and
thermodynamic properties. Elevated temperatures increase the kinetic energy of carbon
atoms and their average interatomic distance, weakening interatomic interactions and
driving the carbon source toward thermal equilibrium, leading to inward contraction.
Under specific thermodynamic conditions, carbon contracts along relevant
crystallographic directions, eventually forming a stable graphite structure. On the other
hand, the duration of high-temperature exposure significantly influences the degree of
graphitization. During arc erosion, amorphous carbon first transitions from a disordered
sp’ structure to a graphene-like sp? structure, forming two-dimensional graphite nano-
layers. These graphene sheets aggregate with copper nanoparticles—formed from
cooled copper vapor—and engulf them (as indicated by the matching lattice parameter
d 111 (0.21 nm) of the copper nanoparticles in the central part of Fig. 10(a)). Driven by
extreme temperatures, the carbon further graphitizes and transforms into a relatively
ordered, layered onion-like structure *%!, as illustrated in Fig. 10(f). Consequently, the
carbon at this stage exists in a multi-structural coexistence state, including amorphous
carbon, graphite-like structures, and curled graphene configurations.
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Fig.10 TEM image and EDS elemental mapping of particles at 80 A

During the current-carrying friction process between carbon and copper, two
typical carbon nanostructures—onion-like carbon and carbon nanotubes—are formed
due to arc discharge. Based on analytical results, a formation mechanism model is
proposed, as illustrated in Fig. 11. The process can be described in detail as follows:
When carbon and copper form a pair of electrodes, a high-energy plasma zone is
generated between them during discharge (Fig. 11(a)). The arc burning process
between contact pairs consumes oxygen molecules rapidly, creating a low-oxygen
atmosphere within the narrow gap. The temperature in the arc core region reaches
approximately 4000 K, which is close to the sublimation temperature of carbon (the
melting and boiling points of graphite are 3823 K and 4203 K, respectively) 7). Under
such high temperatures, the carbon material vaporizes, and when the gaseous carbon
encounters the relatively low-temperature surrounding environment, it undergoes rapid
solidification. From a thermodynamic perspective, this process involves the diffusion
of carbon vapor from the high-temperature plasma zone to lower-temperature regions.
It is worth noting that the intense gas flow generated during arc discharge significantly
accelerates the diffusion rate of carbon vapor. Based on temperature gradients and ion
distribution characteristics, the cooling zone outside the arc can be divided into two
characteristic regions: Region I is adjacent to the plasma zone and is an area with active
ion flow and significant ion current. In this region, carbon vapor undergoes a rapid
quenching process (Fig. 11(b)). Driven by the directional influence of the ion flow,
carbon atoms tend to undergo epitaxial growth along specific orientations, leading to
the formation of one-dimensional elongated structures such as carbon nanotubes. The
ion flow here provides the necessary kinetic conditions for the directional alignment of
carbon atoms. Region II, located outside the influence of ion flow, is an isotropic zone
free from directional ion current (Fig. 11(c)). In this region, the growth of carbon
nanoparticles is not constrained by any specific direction, exhibiting three-dimensional
isotropic growth characteristics. This growth mode leads to the layered wrapping of
carbon atoms in concentric shells, ultimately forming typical onion-like carbon
structures. Such onion-like carbon features complete concentric spherical shells, and its
formation mechanism resembles a self-assembly process similar to that in chemical
vapor deposition.
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Fig. 11 The formation mechanism of onion carbon and nanotubes in electric arc
3.4 Microstructural changes in carbon materials induced by arcing

To investigate the relationship between material structure and electrical conditions,
SEM-Raman analysis was performed on the worn carbon surfaces under 0 A and 80 A
conditions, with the results shown in Fig. 12. Under the current-free condition (Fig.
12(a)), the Raman spectrum of the carbon material exhibits broad D, G, and 2D bands,
with an /[ ratio of 0.91. The broadening of the D band indicates a high density of
structural defects and disordered regions, while the relatively high In//c value further
confirms the low degree of atomic ordering and crystallinity in the carbon material. In
contrast, under the 80 A condition (Fig.12(b)), all characteristic bands (D, G, and 2D)
become significantly narrower and sharper, and the /n//G ratio decreases to 0.86 or lower.
This change suggests that under intense arcing, the carbon material at the edges and
bottom of the ablation crater develops a more ordered structure with fewer defects,
higher crystallinity, and an enhanced degree of graphitization. The sharpening of the
2D band further supports the improvement in graphitic ordering, which is closely
associated with the high-temperature effects induced by arcing. The elevated
temperature promotes atomic rearrangement and graphitization, thereby increasing the
structural order and crystallinity of the material. These observations align with
previously reported behavior of incompletely graphitized carbon, in which higher
temperatures lead to a more ordered structure [*®). Furthermore, comparative analysis
of Raman spectra from different locations within the ablation crater reveals that the
material at the bottom exhibits even fewer defects and a lower /p//G ratio than the edges.
This indicates that the crater bottom experienced more intense high-temperature
exposure, resulting in a higher degree of crystallinity and structural order compared to

the outer regions of the ablation crater.
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Fig. 12 SEM Raman spectra of specific locations of carbon materials (a) 0 A; (b) 80 A

Fig. 13 shows the XRD patterns of the worn carbon surfaces under 0-80 A
conditions, aiming to clarify the crystalline structure characteristics of the carbon
material under different operating states. For the carbon surface tested at 0 A, the
marked peaks in the XRD pattern mainly correspond to characteristic diffraction peaks
such as (003) and (101) of Graphite 3R (PDF card No. 26-1079), indicating the presence
of a graphite phase in the material. However, the 3R phase is less stable than the 2H
phase and transforms into the 2H phase at temperatures above 1000 °C B3¢, In addition,
characteristic diffraction peaks of calcium phosphate compounds—such as (211), (112),
and (300)—are observed in the XRD pattern, attributed to the calcium phosphate
additives introduced during the manufacturing process of the carbon strip. Within the
current range of 35-65 A, the XRD diffraction peaks show little difference from those
at 0 A, suggesting no significant change in the crystalline structure of the carbon
material under these conditions. In contrast, at 80 A, the XRD pattern of the carbon
material exhibits distinctly different characteristic peaks. The observed diffraction
peaks at 26=26.0°, 42.4°, 54.7°, and 77.7° correspond, respectively, to the (002), (100),
(004), and (110) characteristic peaks of standard Graphite 2H (PDF card No. 41-1487)
391, This indicates that the carbon material under the 80 A condition possesses a highly
ordered graphitic structure. In particular, the appearance of the (002) peak further
confirms the layered crystal characteristics of the graphite, resulting from the phase
transformation from 3R to 2H induced by high temperature. Moreover, no characteristic



peaks of calcium phosphate compounds are detected on the carbon surface at 80 A,
implying that these compounds decompose under the high-current conditions due to
elevated temperature or high energy input. These results demonstrate that arc ablation
and high-temperature exposure significantly influence the structural evolution of the
carbon material. The observed structural differences are closely related to the friction,

thermal, and chemical reaction processes experienced by the material.
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4 Conclusions

This study systematically investigates the current-carrying friction and wear
behavior of carbon strips against copper contacts under different electrical currents,
along with the characteristics of erosion products. The relationship between arcing and
the structural evolution of both erosion products and the carbon material has been
established, leading to the following main conclusions:

(1) The current magnitude shows a positive correlation with wear loss, temperature, arc
ignition rate, and arc energy. Faint arcs dominate at 25-50 A, while strong arcs occur
frequently at 65-80 A, leading to a significant increase in friction coefficient fluctuation.
(2) Material surface damage varies considerably under different arc intensities. At low
to moderate currents, the carbon surface exhibits a loose and porous network structure,
whereas intense arcing at high currents causes severe pulverization, spalling, and
sublimation, accompanied by thermal stress cracks. The copper counterpart undergoes
melting, splashing, and resolidification, forming numerous spherical metallic particles
inside ablation craters.

(3) Intense arcing reduce defects and significantly improve the crystallinity and
graphitization degree of carbon materials in ablation regions. Meanwhile, current
promotes particle emission, and high-current conditions favor the formation of carbon
spheres, multi-walled carbon nanotubes, and onion-like carbon structures. Such arc-
induced microstructural evolution of carbon materials is rarely reported in the field of
current-carrying tribology.

Nevertheless, given that current, temperature, and arcing effects coexist and are



strongly coupled throughout the experiments, it remains challenging to decouple and

distinguish the individual contributions of Joule heating, flash temperature at asperities,

and arc/plasma effects to the observed evolutions.

Acknowledgments

This work was supported by the National Natural Science Foundation of China

(Nos. 52365022 and 52375181), Natural Science Foundation of Jiangxi Province (Nos.
20242BAB20196).

Declaration of interests

The authors declare no competing interests.

References

[1]

[2]

[3]

[4]

[5]

[10]

[11]

[12]

Y. Hu, P. Huang, C. Cheng, et al., Influence of arc discharge on the temperature and wear behaviors
of the contact strip in pantograph-rigid catenary systems under AC conditions, Wear 546 (2024)
205368.

W. Ren, G. Chen, B. Dong, et al., Experimental study of the effect of contact line profiles on the
wear mechanism of a skateboard, Tribol. Int. 192 (2024) 109317.

O. Sunar, D. Fletcher, A. Beagles, Laboratory assessment of ARC damage in railway overhead
contact lines with a case study on copper-silver and low oxygen content copper, IEEE Trans. Power
Deliv. 36 (2021) 3074-3081.

Y. Lin, J.Z. Li, J. Pan, et al., Current-carrying wear behavior and the interface evolution of the
Cu/Al tribological pair, Eng. Fail. Anal. 153 (2023) 107549.

W. Wei, J. Wu, G. Gao, et al., Study on pantograph arcing in a laboratory simulation system by
high-speed photography, IEEE Trans. Plasma Sci. 44 (2016) 2438-2445.

X. Zhi, N. Zhou, Y. Cheng, et al., Effect and behaviors of ambient humidity on the wear of metal-
impregnated carbon strip in pantograph-catenary system, Tribol. Int. 188 (2023) 108864.

Y. Zhang, C. Li, X. Pang, et al., Evolution processes of the tribological properties in
pantograph/catenary system affected by dynamic contact force during current-carrying sliding,
Wear 477 (2021) 203809.

H. Yang, K. Wang, Y. Liu, et al., The formation of the delamination wear of the pure carbon strip
and its influence on the friction and wear properties of the pantograph and catenary system, Wear
454 (2020) 203343.

Y. Zhang, Y. Zhang, C. Song, Arc discharges of a pure carbon strip affected by dynamic contact
force during current-carrying sliding, Materials 11 (2018) 796.

G. Mei, W. Fu, G. Chen, et al., Effect of high-density current on the wear of carbon sliders against
Cu-Ag wires, Wear 452 (2020) 203275.

X.L. Liu, C.W. Zhou, X.J. Zhou, et al., Influence of different arc erosion durations on the wear
properties of carbon skateboards/contact wires under low temperature, Wear 516 (2023) 204600.
H.J. Yang, G.X. Chen, G.Q. Gao, et al., Experimental research on the friction and wear properties
of a contact strip of a pantograph—catenary system at the sliding speed of 350 km/h with electric



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

current, Wear 332 (2015) 949-955.

V. Martins, T. Moreno, L. Mendes, et al., Factors controlling air quality in different European
subway systems, Environ. Res. 146 (2016) 35-46.

K. Van Ryswyk, A.T. Anastasopolos, G. Evans, et al., Metro commuter exposures to particulate air
pollution and PM2.5-associated elements in three canadian cities: the urban transportation
exposure study, Environ. Sci. Technol. 51 (2017) 5713-5720.

M. Loxham, M.J. Cooper, M.E. Gerlofs-Nijland, et al., Physicochemical characterization of
airborne particulate matter at a mainline underground railway station, Environ. Sci. Technol. 47
(2013) 3614-3622.

O. Font, T. Moreno, X. Querol, et al., Origin and speciation of major and trace PM elements in the
Barcelona subway system, Transp. Res. Part D Transp. Environ. 72 (2019) 17-35.

P. Wang, H. Song, K. Li, et al., Fabrication and tribological properties of carbon fiber and copper
fiber reinforced carbon-based composite by hot pressing, Tribol. Int. 192 (2024) 109224.

X.L. Liu, Z.H. Li, M.J. Hu, et al., Research on the wear properties of carbon strips and contact
wires at frigid temperatures, Wear 486 (2021) 204122.

Y. Zhou, M. Du, X. Zuo, Influence of electric current on the temperature rise and wear mechanism
of copper—graphite current-carrying friction pair, J. Tribol. 144 (2022) 101701.

J. Lu, C. Ma, L. Zhang, et al., Effect of normal load on damage mechanism of gradient copper-
graphite composites under electric current, Wear 562 (2025) 205653.

M.S. Gao, X.L. Liu, T. Peng, et al., Study on the current-carrying friction and wear behaviors of a
novel copper-impregnated carbon skateboard containing tungsten disulfide, Tribol. Int. 204 (2025)
110430.

H. Yu, Z. Zhang, Y. Shi, et al., Current-carrying low friction of hydrogenated amorphous carbon
film, Tribol. Int. 202 (2025) 110340.

Z.X. Han, G.L. Wang. Unevenness analysis of overhead rigid suspension catenary, J. Railw. Eng.
Soc. 04 (2007) 61-64.

Y. Qin, Y. Zhang, X.Q. Cheng, et al., An analysis method for correlation between catenary
irregularities and pantograph-catenary contact force, J. Cent. South Univ. 21 (2014) 3353-3360.
H.R. Wang, Z.G. Liu, Y. Song, et al. Detection of contact wire irregularities using a quadratic time-
frequency representation of the pantograph-catenary contact force, IEEE Trans. Instrum. Meas.
65(2016): 1385-1397.

T.T. H Sone, Role of the metallic phase arc discharge on arc erosion in Ag contacts, IEEE Trans.
Components, Hybrids, Manuf. Technol. 13 (1990) 13-19.

D.H. Ji, S.Y. Chen, HH. Wu, et al., From sparks to wear: understanding arc erosion and
tribological mechanisms in pantograph-catenary systems under irregular wire conditions. Friction,
14(2026) 9441102.

M.A. Abdullah, T.M. Badri Albarody, A.R. Hussein, In-situ lattice structure analysis in sp’
hybridization of stable carbon isotopes: Precision modelling of temperature, Phys. E Low-
dimensional Syst. Nanostructures 134 (2021) 114828.

R. Dong, J. Wu, T. You, et al., Formation and evolution of sp?> hybrid conjugate structure of

polyacrylonitrile precursor during stabilization, Materials 15 (2021) 30.



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

H. Ouyang, P. Wang, C. Li, et al., Effect of humidity on the friction and wear behavior of C/C-
CuNi composites, Diam. Relat. Mater. 146 (2024) 111144.

Y.Y. Zhang, Y.Z. Zhang, S.M. Du, et al., Tribological properties of pure carbon strip affected by
dynamic contact force during current-carrying sliding, Tribol. Int. 123 (2018) 256-265.

X.L. Liu, Y.T. Zheng, G.-H. Deng, et al., Comparative study of the current-carrying property of
different copper-impregnated carbon skateboards/contact wires, Tribol. Int. 195 (2024) 109630.
H. Lee, Reducing the nanoparticles generated at the wheel-rail contact by applying tap water
lubricant at subway train operational velocities, Sci. Rep. 11 (2021) 23366.

Y.L. Yao, X.M. Wang, J.J. Guo, et al., Tribological property of onion-like fullerenes as lubricant
additive, Mater. Lett. 62 (2008) 2524-2527.

N. Matsumoto, H. Kinoshita, N. Ohmae, Synthesis of smooth low friction graphitic nanoparticle
film by vacuum arc deposition, Diam. Relat. Mater. 109 (2020) 108048.

M.S. Seehra, U.K. Geddam, D. Schwegler-Berry, A.B., et al., Detection and quantification of 2H
and 3R phases in commercial graphene-based materials, Carbon N. Y. 95 (2015) 818-823.

N. Sano, H. Wang, 1. Alexandrou, et al., Properties of carbon onions produced by an arc discharge
in water, J. Appl. Phys. 92 (2002) 2783-2788.

D. Weingarth, M. Zeiger, N. Jackel, et al., Graphitization as a universal tool to tailor the potential-
dependent capacitance of carbon supercapacitors, Adv. Energy Mater. 4 (2014) 1-13.

A.N. Popova, Crystallographic analysis of graphite by X-Ray diffraction, Coke Chem. 60 (2017)
361-365.



