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under irregular wire conditions

Dehui Ji', Siyang Chen', Haihong Wu’, Guoliang Wu’, Minhao Zhu®, Mingxue Shen"*

A Cite this article: Ji DH, Chen SY, Wu HY, et al. Friction 2026, 14(3): 9441102. https://doi.org/10.26599/FRICT.2025.9441102

ABSTRACT: The pantograph-catenary system bears the crucial task —
of supplying electrical energy to high-speed trains. However, as train :
speeds continue to increase, irregularities in the contact wire
exacerbate vibrations within the pantograph-catenary system,
frequently triggering pantograph arcs. To delve deeper into the
characteristics and erosion mechanisms of these arcs, this study =5
employed high-speed cameras and photodiodes to precisely capture | & Thci““mio“an'd‘m,omm;“Omm‘;‘c e
the evolution of the arc morphology and fluctuations in the arc -

Current intensification

intensity triggered by contact pair irregularities. By adjusting the
current intensity, we further analyzed the impact of arc discharge on
the friction and wear performance of the carbon strips, as well as their
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current-carrying efficiency. The study revealed that when the current L—
is sufficiently high, the arc column of the old arc, which forms when the contact pair separates, connects with the arc root of the
new arc that is yet to make contact, leading to the formation of a continuous arc. Additionally, under the same current conditions,
the arc intensity prior to contact between tribo-pairs is notably weaker than that at the moment of separation. Furthermore,
parameters such as the arc ignition rate, wear volume, and temperature are positively correlated with the current intensity. Severe
arc discharge not only deteriorates the electrical performance of the system, causing current distortion, but also exacerbates the
instability of system operation. Abrupt changes in the friction coefficient can serve as harbors of intense arcs between the contact
pair. Arc erosion causes severe damage to current-carrying tribo-pairs, with ablation pits eliminating thermal cracks and pores and
leaving behind numerous molten copper particles, significantly increasing the wear volume. This study provides strong support for
understanding the arc erosion process caused by contact wire irregularities and the mechanisms underlying the abnormal wear of
carbon strips.
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With respect to the sliding contact of the pantograph-catenary
system, numerous previous studies have explored the impact of
various experimental conditions on the tribological and wear
performance, as well as the current-carrying capacity, of the

1 Introduction

The pantograph-catenary system provides energy for training via
the sliding contact between the contact wire and the carbon strips.

Ensuring the optimal state of this contact is vital for the safe and
reliable operation of high-speed railways, which has garnered
considerable attention from researchers globally [1, 2].
Nevertheless, as train speeds increase, the vibrations of both the
pantograph carbon strips and the contact wire intensify, resulting
in frequent pantograph arc occurrences [3]. The severe erosion
effect stemming from arc discharge causes considerable wear on
the carbon strips, thereby posing a significant threat to their
durability.

contact pairs [3—-6]. Guo et al. [7] reported that the friction
coefficient and wear rate between carbon strips and contact wires
are related to the intensity of arc discharge. They noted that the
friction coefficient under no-current conditions is significantly
greater than that under current-carrying conditions and decreases
as the current increases [8]. However, an increase in arc discharge
leads to exacerbated material wear [9]. Subsequent in-depth
research on current-carrying friction in pantograph-catenary
systems revealed that the wear mechanism of the system varies
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with changes in current. An increase in current causes surface
damage to transition from adhesive and mild abrasive wear to
delamination and electrical wear [10]. Mei et al. [11] reported that
the wear of carbon strips primarily consists of electrical wear and
mechanical wear, with the duration of discharge arcs in electrical
wear closely related to material damage [12]. These studies
collectively indicate that, with increasing current, electrochemical
wear becomes the dominant wear mechanism at the
current-carrier contact interface, whereas mechanical wear has a
minimal impact. Among them, arc discharge is a key focus of
electrochemical wear research [13, 14]. In addition to the impact
of arc erosion on worn surfaces, researchers have investigated the
movement patterns of arcs. Xu et al. [13] studied the movement
forms of discharge arcs and observed two typical irregular arc
motion phenomena: arc foot jumping and arc reignition. Factors
such as the contact force, contact current, and contact materials
corresponding to different operating states and train
configurations have varying degrees of influence on the
movement patterns of arcs [15, 16]. Luo et al. [17] experimentally
reported that as the carbon strips move forward relative to the
contact wire, the arc moves backward along the contact wire,
thereby affecting system performance.

In summary, the characteristics and intensity of arc discharges
are crucial for studying the wear mechanisms and electrical
transmission performance of pantograph-catenary systems. The
vertical vibrations of the pantograph and catenary [18-20],
irregularities in the contact wire, and the presence of ablation-
induced deposits or other impurities adhering to the catenary [21]
can all cause varying degrees of off-line arc discharges. Among
these factors, the occurrence of contact wire irregularities has
multiple causes in actual railway lines [17], such as wear on the
contact wire, hard spots, engineering errors during installation,
and conductor height settlement. The irregularity of the contact
surface is essentially a stochastic process arising from the
superposition of random irregularities with varying wavelengths,
phases, and amplitudes. However, for an infinitely long catenary
system, this can be approximated as a stationary and ergodic
stochastic process categorized into two types: periodic irregularity
and random irregularity [22]. However, regardless of the cause,
irregularities inevitably lead to separation within the pantograph-
catenary system, resulting in frequent arc discharges. This not
only degrades the current collection quality of trains but also
erodes the pantograph-catenary system, causing frequent
accidents. Research on contact wire irregularities has focused
primarily on dynamic simulations and algorithm validation
analysis, and there have been no reports on induced wear damage
to carbon strips and arc discharge behavior. Furthermore,
research on the correlation between varying arc intensities and the
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tribological properties and current-carrying capacity of carbon
strips remains incomplete and lacks systematic investigation.

To further elucidate the erosion process and discharge behavior
of arcs, this paper comprehensively investigates the tribological
characteristics and evolution of the current-carrying capacity of
carbon strips, focusing on the influence of arcs under the
condition of contact wire irregularities by varying the current
intensity. This investigation delves into the specific changes in the
friction coefficient and wear volume of the contact interface across
different current levels. The evolution characteristics and intensity
changes of the arc shape caused by irregular contact pairs were
recorded by high-speed cameras and photodiodes. Additionally,
the macroscopic and microscopic morphologies of the carbon
strips after arc erosion, in addition to their conductive properties,
including the arc incidence rate and current-carrying efficiency of
the contact interface, across various arc intensities were compared.
This study establishes a clear correlation between the friction
coefficient, instantaneous current, and arc intensity and
formulates a functional relationship linking the arc energy to the
temperature of the contact pairs. Ultimately, this research
contributes to a better understanding of the arc erosion process
and the abnormal wear mechanisms of carbon strips caused by
contact wire irregularities.

2 Experimental

2.1 Experimental equipment and materials

The experiments were conducted on a self-assembled current-
carrying pin-on-disk tribometer, and a schematic diagram of the
tribometer is shown in Fig. 1(a). This tribometer can effectively
simulate the high-speed sliding friction process under current-
carrying conditions. A photodiode (55971, Hamamatsu Photonics
KK, Japan) was used to detect the arc intensity in real time,
whereas a high-speed camera (i-SPEED 717, iX Cameras Ltd.,
UK) captured and recorded the arc morphology at a frame rate of
1,000 frames per second to document the initiation, development,
and extinction of the arc. A schematic diagram of the
experimental circuit is depicted in Fig. 1(b), and the circuit
consists of a voltage source, a relay, a current sensor, a resistor, a
sample, and a voltage sensor. The voltage source can provide a
stable direct current (DC) voltage ranging from 5 to 80 V. The
current sensor and voltage sensor record the circuit current and
the voltage between contact pairs in real time, respectively, and
then transmit the data to a computer via a data acquisition unit.
The upper sample used in the current-carrying friction test was
sourced from pure carbon strips currently in service on high-
speed railways (with the sampling location shown in Fig. 1(c)).
This material exhibits excellent mechanical and electrical

Fig.1 Schematic diagram of (a) current-carrying friction and wear test bench, (b) test circuit diagram, and (c) carbon pin sampling position.
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properties and is widely utilized in the pantograph-catenary
system of electrified railways [23], with a bulk density of 1.66 g/cim’.
It was processed into a cylindrical carbon pin with a diameter of
10 mm and a length of 30 mm. The lower sample was a copper
disk sample with a radius of 98 mm made from T2 copper. Table 1
presents the mass percentages of the chemical compositions of the
test materials. The contact mode between the two samples was as
follows: The carbon pin sample was fixed in a fixture, making
vertical contact with the high-speed rotating disk sample. With the
power supply connected, the relative motion between the carbon
pin and the disk was utilized to simulate the sliding contact
between the carbon strips and the contact wire.

To remove the oxide layer on the sample surfaces and achieve
good flatness, the contact surfaces of both the carbon pin and the
copper disk were polished with sandpapers with grit sizes of 100#,
600#, 1,000#, 1,200#, and 2,000#, followed by thorough cleaning.
Before each set of experiments, a micrometer with a resolution of
0.0005 mm (Sanliang 312-831, Sanliang Precision Measuring
Instrument Co., Ltd., China) was used to adjust the copper disk to
a horizontal position. Subsequently, pure mechanical friction was
applied between the carbon pin and the copper disk at a frequency
of 4 Hz until good contact was established between them. The
irregularity of the contact wire can generally be represented by an
ideal sine function [24, 25]. Therefore, this paper focuses on
simulating periodic irregularities of the contact surface. Using a
pin-on-disc tribometer, the longitudinal irregularity of the contact
wire is simulated by setting the irregularity of the copper disk. The
irregularities of the contact wire can be classified into several types,
including large irregularities, irregular suspension point positions,
and minor irregularities [22]. 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
strip wear.

To investigate the tribological characteristics of the pantograph-
catenary contact pair under different arc intensities, the
experiment was designed as a single-variable test with a copper
disk irregularity of 0.4 mm and currents ranging from 0 to 80 A,
simulating and detecting situations with different arc intensities
caused by contact wire irregularities under actual operating
conditions. As shown in Fig. 2(a), a copper foil of a certain

thickness is inserted between the copper disk and the insulating
base to adjust the amplitude of the disk’s irregularity. To record
the evolution of the arc, four positions labeled 1, 2, 3, and 4 are
marked on the copper disk, with position 4 being the highest
(above the inserted copper foil) and position 1 being the lowest. A
micrometer was used to determine that the longitudinal
displacement of the carbon pin during the rotation of the copper
disk exhibited sinusoidal variation, as illustrated in Fig. 2(b). The
specific experimental parameters are presented in Table 2. Each
experiment was repeated at least three times to ensure the
reliability of the results.

During the experiments, the frictional force and normal force
were measured by a two-dimensional tangential force sensor and
a normal force sensor, respectively. The instantaneous friction
coefficient was obtained by dividing the real-time frictional force
by the normal force, and the average friction coefficient for a
single experiment was calculated as the average of the basically
stable instantaneous friction coefficients after 300 cycles. The
actual average friction coefficient was the mean of the results from
three repeated experiments. The weight of the carbon pin was
measured before and after the experiment to determine its wear
loss. When the experiment lasted 9 min, an infrared thermometer
(InfiRay M305, IRay Technology Co., Ltd., China) was used to
measure the instantaneous temperature at the contact area
between the carbon pin and the copper disk.

After the experiments, to further investigate the current-
carrying wear characteristics and element distribution of the C/Cu
contact pair under different currents, a high-definition camera
(Zoom lens 207150282, Saike Digital Technology Development
Co., Ltd, China) was used to observe the macroscopic
morphology of the worn surface of the carbon pins. A scanning
electron microscope (SEM; HITACHI SU8010, HITACHI, Japan)
and an energy dispersive spectrometer (EDS; X-flash 6160,
Bruker, USA) were employed to examine the microscopic
morphology and detect the element distribution on the worn
surface of the carbon sample. Additionally, a three-dimensional
profiler (ZeGage™ Pro HR, Zygo Corporation, USA) was used to
observe the three-dimensional morphology of the arc erosion pits
on the worn surface of the carbon sample.

Table1 Chemical compositions of the test materials (mass percentage)

Material Cu C (@) Fe S P Ni/Sb/Pb S/N/Cl
Copper disk 99.95% — 0.006% 0.005% 0.005% 0.008% Bal —
Carbon pin — 84.85% 10.2% — — — — Bal
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Fig.2 (a) Copper disk irregularity setting method and (b) carbon pin longitudinal displacement diagram.
Table2 Test parameters
Irregularity (mm) Frequency (Hz) Load (N) Test time (s) Current (A)
0.4 4 25 600 0, 25, 35, 50, 65, 80
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2.2 Method for evaluating current-carrying quality

The accumulated arc energy is an important indicator for
characterizing the intensity of arc burning and a crucial metric for
evaluating current-carrying performance. During the experiment,
the cumulative arc energy was obtained by recording the
instantaneous current and voltage values through current sensors
and voltage sensors. The calculation equation is shown in Eq. (1) [3]:

E:jUIdt (1)

where E represents cumulative arc energy, I represents the circuit
current (A), U represents the voltage drop across the
carbon/copper contact interface (V), and the integration interval
covers the entire experimental process.

During the process of current-carrying friction, the generation
of arcs not only significantly increases material wear but also
affects the conductivity of the system. In this experiment, the arc
incidence rate was used to quantitatively study the frequency of
arc generation under irregular operating conditions. The
calculation equation is shown in Eq. (2) [26]:

i

Y NAt
K===1"""5100% )
t

where K represents the arc rate, n represents total number of arc
events, i represents index variable representing the i-th arc event,
N; represents number of arc occurrences during the i-th arc event,
At represents the duration of a single arc event, and ¢ represents
the total duration of one test.

Owing to the sensitivity limitations of the photodiode
instrument, the arc rate calculated in this experiment accounts
for only strong arcs, as shown in Figs. 3(a) and 3(b). Faint arcs
(Fig. 3(c)) cannot be captured by the photodiode and were only
recorded by a high-speed camera. Therefore, they were not
included in the calculation of the arc rate.

The current-carrying efficiency is the ratio of the mean value of
the dynamic current to the static current and is used to measure
the system’s ability to conduct current during current-carrying
friction. The calculation equation is shown in Eq. (3) [6]:

I

-7 (3)

n
where 7 represents the current-carrying efficiency, I is the average
value of the current during a single test, and I, is the current when
the tribo-pair is stationary.

The current fluctuation reflects the magnitude of the current
variation during the conduction process and is used to measure
the stability of the system’s electrical conduction. The calculation
equation is as shown in Eq. (4) [27]:

Zn I(n)— T’

S==— 4)
I

where § is the fluctuation of the current-carrying current, I(n) is

the dynamic current value, and I is the average value of a single

test current.

Fig.3 Schematic diagram of (a, b) strong arcs and (c) faint arcs.
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3 Results and discussion

3.1 Arc morphology

During the rotation of the copper disk, the carbon pin experiences
an irregularity amplitude of 0.4 mm. When the contact voltage
exceeds the breakdown voltage of this air gap, the molecules in the
air are ionized into a plasma, leading to the formation of an arc
[26]. Videos captured by a high-speed camera at high frame rates
(Videos S1-S3 in the ESM) reveal that during the occurrence of
an arc in the experiment, the detachment position of the carbon
pin is indicated by the red dashed box in Fig. 2(b). Owing to the
randomness of arc generation [28] and variations in current
intensity, the location of arc appearance differs: When the applied
current is < 50 A, arcs mostly appear near position 3 and are
relatively small; when the current is > 65 A, owing to the higher
intensity of the generated arcs, they occur between positions 3
and 1 (when the tribo-pair is about to separate, Region I).
Additionally, arcs also appear when the carbon pin is moving
from the lowest position 1 to position 2 (when the tribo-pair is
about to make contact, Region II), but the intensity and duration
of these arcs are significantly lower than those in Region L
Furthermore, when the current is sufficiently high, the arc column
of the old arc in Region I undergoes a transition and connects
with the arc root of the new arc in Region II, resulting in a
continuous arc with a significantly increased duration.

The image shown in Fig. 4 captures the arc morphology
recorded by a high-speed camera, depicting the approximate
process of the arc from ignition to extinction under different
currents. During the entire arc duration, numerous factors, such
as the relative motion of the contact pair, dynamic contact
pressure caused by vibration, and contact state changes, influence
the arc morphology, leading to corresponding changes in the
number, shape, and size of the arcs observed in the experiment.
Figure 4(a) shows the arc morphology captured at 35 A. This low
current level resulted in a weak arc maintenance capability. The
entire arc discharge process lasts for 7 ms, with the size and
intensity of the light spot reaching their maximum at 4 ms before
extinguishing. When the current is 50 A, as shown in Fig. 4(b),
within a complete arc duration cycle, the arc initially appears
elliptical at 1 ms and diffuses by 4 ms, with the elliptical light spot
visibly enlarging. Owing to the limited movement and
development space for the arc column, it stretches into a long strip
at 5 ms before extinguishing. The entire arc discharge process lasts
for 11 ms, with the arc only appearing in Region I (Fig. 2(b)), and
the arc foot position remains unchanged throughout. At 65 A
(Fig. 4(c)), the duration of arc discharge significantly increases.
The arc initiation stage still presents an elliptical light spot, but
during subsequent development, the arc adopts an irregular shape,
stretches, and emits intense arc light at 26 ms. Subsequently, the
arc develops slowly and gradually weakens, slightly intensifies at
69 ms before fading away, and finally extinguishes after 102 ms.
When the current reaches 80 A (Fig. 4(d)), the increased current
leads to an elevation in the arc energy. Upon arc generation, its
brightness and diameter continue to grow until the arc annihilates
at 112 ms.

Taking the example at 65 A, the arc appears in Arc Regions I
and II, as shown in Fig. 2(b), and the arc burning process
undergoes stages of ignition, stable burning, diffusion, and
extinction. The period from 0 to 13 ms represents the ignition
stage of the arc, during which the arc develops slowly, with the
contact position between the carbon pin and the copper disk
being position 3. From 26 to 37 ms, the arc undergoes stable
burning and diffusion. During this process, arc foot stagnation is

Friction, 2026, 14(3): 9441102



From sparks to wear: Understanding arc erosion and tribological mechanisms in pantograph-catenary systems under irregular...

9441102-5

Arc emergence region I
Fig.4 Arc morphology between contact pairs under different currents: (a) 35 A, (b) 50 A, (c) 65 A, and (d) 80 A.

relatively severe, and the arc burns intensely, causing the most
severe ablation of the carbon strip and the copper disk. At this
stage, the contact position between the carbon pin and the copper
disk is between positions 3 and 1. Subsequently, the arc gradually
weakens as the contact gap continues to increase. However, when
the contact point reaches position 1, the arc intensity increases
slightly to 69 ms. In other words, as the contact point moves from
Region I to Region II, arc foot jumping occurs, resulting in a brief
interruption of the arc channel. After a new arc foot forms, the arc
channel reconnects, and the arc continues. The period from 69 to
102 ms is the arc extinction stage, during which the contact
position of the copper disk and the carbon pin is between
positions 1 and 2. The gap between the contact pair further
decreases, and the contact condition of the contact surface
improves. Consequently, the brightness and radius of the arc
rapidly decrease, leading to arc extinction. When the current is
80 A, the arc column of the old arc in Region I connects with the
arc foot of the new arc in Region II to form a continuous arc.
Throughout this process, the arc root experiences severe
stagnation, which not only causes the arc to dwell on the carbon
pin for an extended period but also results in slower arc stretching
due to its sluggish development. This leads to a continuous
expansion of the arc volume, making extinguishing and causing
more severe erosion to the tribo-pair difficult.

3.2 Current-carrying performance

Figure 5 shows the variation in the arcing rate, current-carrying
efficiency, and current fluctuation with current in the current-
carrying system. As the current increases, the arcing rate tends to
increase steadily. Within the current intensity range of 25-50 A,
the current-carrying efficiency and current fluctuation remain
relatively stable. Within this range, the arcing rate is very low, with
only 0.78% at 25 A and increasing to just 3% even at 50 A.
Therefore, most arcs occurring within the 25-50 A range are weak

https://doi.org/10.26599/FRICT.2025.9441102

Arc emergence region II

(Fig. 3(c)), exerting minimal influence on the current-carrying
performance of the electrical circuit. When the current intensity
reached 65 A, the arcing rate significantly increased. According to
Fig. 4, the single arc time also increases dramatically. The
generation of large arcs deteriorates the current-carrying
performance, leading to a decrease in the current-carrying
efficiency and an increase in current fluctuations. At 80 A, the
arcing rate reaches 43.47%, but the current-carrying performance
does not continue to degrade; instead, compared with the current
efficiency at 65 A, it increases slightly, and the current fluctuation
decreases. The relevant reasons for this are discussed in Section 3.4.

3.3 Arcenergy and temperature rise

The cumulative arc energy and contact pair temperature under
different currents, along with their relationships, are illustrated in
Fig. 6. As the current increases from 25 to 80 A, the cumulative
arc energy gradually increases from 21.58 to 130.89 k] (Fig. 6(a)).
Simultaneously, the temperature of the tribo-pairs also tends to
increase, changing from 104.4 °C at 25 A to 358.6 °C at 80 A.
Notably, the cumulative arc energy and contact pair temperature
exhibit the same trend of change, with a gradual increase from
25 to 65 A and a significant increase from 65 to 80 A. Thus, the
least squares method was used to fit the temperature and
cumulative arc energy, yielding the regression equation (Eq. (5)):

T=60.7+211E (5)

where T represents the contact pair temperature in degrees
Celsius, and E represents the cumulative arc energy (10*]).

The fitting curve is shown in Fig. 6(b). The Pearson correlation
coefficient between the cumulative arc energy and temperature
increase is 0.99018. A Pearson correlation coefficient value
exceeding 0.8 indicates a very strong relationship between two
variables [5]. Clearly, in this experiment, there is a very strong
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Fig.6 Cumulative arc energy and temperature rise with (a) current variation curve and (b) linear fitting between the two.

positive correlation between the arc energy and the increase in
temperature. The heat generated during the current-carrying
friction process consists of three components: Joule heat, arc heat,
and friction heat [26]. The above results suggest that friction heat
and Joule heat have relatively minor impacts on the temperature
increase compared with arc heat and that arc heat is the primary
cause of the temperature increase in current-carrying tribo-pairs.
When the current intensity reached 65 A, the sharp increase in
temperature and arc energy led to rapid deterioration of the
contact conditions on the tribo-pair surface.

3.4 Relationship between the arc intensity and current

To investigate the impact of arc discharge on current, an analysis
was conducted on the current waveforms at 65 and 80 A, as well
as the correlation between the current waveform and arc intensity
at 80 A, as illustrated in Fig. 7. The irregularity of a copper disk
results in a dynamic current waveform resembling a sine wave. In
other words, when the carbon pin slides to position 4 of the
copper disk (Fig. 2), the contact interface is in good contact, and
the current is close to the rated current value. When the carbon
pin slides to position 1, there is a gap between the carbon pin and
the copper disk, and the current drops to 0, as shown in Fig. 7(a).
Specifically, when the contact position between the carbon pin
and the copper disk is at location 4, the measured current is
approximately 60 A. As the contact position rotates to location 1,
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the current decreases to 0 A. At this time, the arc between the
contact pairs does not affect the change in the current waveform,
which is the normal current-carrying state under irregular
working conditions. However, when the current reaches 80 A
(Fig. 7(b)), the current does not decrease to 0 A when the carbon
pin reaches the lowest position of the disk, but rather experiences
current distortion.

A comparison of Figs. 7(c) and 7(d) clearly reveals that even
under the same operating conditions (80 A), arc discharge has
varying effects on the current waveform. When a large arc appears
on the contact surface, i.e., when the arc intensity reaches its peak
(Fig. 7(c)), the current undergoes corresponding distortion,
manifested as a change from 35 to 75 A. This indicates that even
when the contact position is at the lowest point (location 1) on the
copper disk, the current remains nonzero, allowing the formation
of a current loop. At this point, the existence of the arc presents a
current-continuing effect [27]. As the arc intensity subsequently
stabilizes at approximately 1, continuous large arcs appear, and the
current remains almost stable between 60 and 75 A. Under these
conditions, the arc not only causes severe arc erosion to the
carbon strip and contact wire but also significantly affects the
electrical performance, with the current-continuing effect of the
arc becoming more pronounced. This is the primary reason why
the current-carrying efficiency increases slightly with increasing
arcing rate, as mentioned in Section 2.2. Conversely, when no

Friction, 2026, 14(3): 9441102
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large arc is generated between the contact pairs under 80 A
conditions, i.e., when the arc intensity is 0 (Fig. 7(d)), the current
no longer experiences waveform distortion and remains in a
normal current-carrying state.

3.5 Friction coefficient and wear loss

The friction coefficient is a crucial parameter for characterizing
the tribological and wear performance of contact pairs. Figure 8(a)
depicts the evolution of the friction coefficient of the contact pair
with the number of cycles under different current conditions.
When no current passes through the contact pair, the friction
coefficient remains stable with minimal fluctuations. However, as
the current intensity increases, the fluctuation in the friction
coefficient also intensifies. When the current reaches 80 A, the
instantaneous friction coefficient significantly varies. This increase
in friction coefficient fluctuation can be attributed to several
factors. First, when the contact pair separates, the tangential force
decreases or increases due to the separation and re-engagement of
the contact pair, leading to fluctuations in the friction coefficient.
This effect is consistent across all current intensities. Second, when
the carbon pin moves to a fixed area of the copper disk, an arc
forms due to the gap between the contact pairs. The presence of
arc heat instantaneously increases the temperature, softening the
copper disk and resulting in an abnormal increase in carbon wear
debris, which further contributes to fluctuations in the friction
coefficient, particularly at high currents. Additionally, as the
current intensity increases, the frequency of arc occurrence
increases, and the arc duration increases. The surface of the
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contact pair becomes rough and uneven due to arc erosion,
significantly degrading the surface quality and exacerbating the
fluctuation in the friction coefficient.

Figure 8(b) shows the changes in the average friction coefficient
and carbon pin wear volume with current during the experiment.
The average friction coefficient gradually increases with increasing
current. At 0 A, the average friction coefficient is only 0.11,
whereas at 80 A, it reaches 0.31. However, a lower average friction
coefficient is observed at 35 A. This is because at 35 A, the arcing
rate is extremely low, with only a few weak arcs appearing. Wear
between the contact pairs is due primarily to cutting and
scratching. The main sources of temperature rise are Joule heat
generated by the current passing through the contact pair and
frictional heat produced by friction. At this point, the wear debris
generated by friction adheres to the wear track, and the increase in
contact surface temperature accelerates the oxidation of the
contact interface material, promoting the formation of an oxide
layer that acts as a lubricant and reducing the friction coefficient
[29]. However, when the current increases to 50 A, the surface
temperature of the contact pair increases, with the arc heat
becoming the primary heat source. Arc erosion and a sharp
increase in temperature disrupt the oxide film on the surface,
making it rough and uneven, and the average friction coefficient
increases sharply.

Furthermore, as the current increases, the overall wear volume
tends to increase. Without current, the wear type of the contact
pair is mechanical wear, with a relatively low wear volume. When
current passes through, the wear type of the contact pair includes
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Fig.7 Current waveform curve: (a) 65 A and (b) 80 A. The relationship between arc intensity and current under 80 A: (c) current distortion; (d) normal current.
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mechanical wear, electrical wear, and mechanical-electrical
coupling wear [23]. As the current increases, the proportion of
wear caused by electrical wear increases, and material
delamination caused by arc erosion is the primary reason for the
increase in wear volume [30].

3.6 Relationship between the arc intensity and friction
coefficient

Figure 9(a) depicts the temporal variation curves of both the
friction coefficient and the arc intensity. As illustrated, there exists
a certain correspondence between the instantaneous changes in
the friction coefficient of the rubbing pair and the arc intensity.
Specifically, when the arc intensity sharply increases or abruptly
changes, the friction coefficient gradually decreases. In other
words, when intense arcing occurs between the contact pairs, as
shown in Fig. 9(b), it also influences the variation in the friction
coefficient. This may be attributed to the intense arcing facilitating
the formation of a carbon transfer film on the contact surface,
which serves as a lubricant between the interfaces. When this
transfer film is subsequently disrupted, the friction coefficient
increases again. Therefore, the generation of strong arcs becomes
a major cause of friction coefficient fluctuations. Additionally,
when significant changes in arc intensity occur, they can, to a
certain extent, serve as indicators of impending changes in the
friction coefficient.

3.7 Analysis of the carbon pin surface morphology

To gain a more intuitive understanding of the wear conditions of
the carbon pins, Fig. 10 presents the macroscopic morphologies of
the carbon pins after erosion under different current intensities.
At 35 A, the carbon pin surface is characterized mainly by
plowing marks, with almost no large ablation pits present. When
the current increases to 50 A, obvious mechanical scratches
become visible, and ablation phenomena are only observed at the
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edges of the carbon pin, albeit not severely. As the current
continues to increase, the intensity of arc ablation also intensifies,
leading to a continuous expansion in the proportion of the
ablation area. When the current is less than 80 A, arc ablation
primarily occurs in a small section of the carbon pin and is
predominantly concentrated near the exit point along the sliding
direction. This is attributed to the intensification of the arc
strength when the arc is unrestrained and detaches from the
contact interface. Consequently, the degree of erosion at the exit
point increases drastically [28]. Furthermore, the migration
behavior of arc discharge subjects the worn surface to repeated
and cumulative thermal and sputtering impacts along the sliding
direction, leading to a directionally intensified erosion
phenomenon [31]. This erosion deteriorates the surface quality,
increasing the susceptibility of this area to arc occurrence, thereby
establishing a vicious cycle. However, when the current intensity
reaches 80 A, owing to the immense arc strength and extremely
high arcing rate (Fig. 5), the arc ablation area spreads across the
entire carbon contact surface. The cumulative arc energy and
arcing rate have a full impact on the tribo-pair in terms of wear
morphology, and the magnitude of both directly determines the
degree of ablation on the carbon pin surface.

To analyze the wear damage on the surface of the carbon pins
under different current intensities, observations and analyses of
the micromorphology and elemental distribution on the carbon
pin surfaces were conducted, as shown in Fig. 11. When the
current is less than 25 A, the worn surface is mainly distributed
with plowing (Fig. 11(a2)) and debris (Fig. 11(b2)) caused by
abrasive wear. At 35 A, the content of oxygen (O) on the carbon
pin surface increases significantly. Combining this with the
distribution of O (Fig. 11(c3)), it can be inferred that oxidation
occurs on the carbon pin surface, likely forming an oxide film that
acts as a lubricant, corroborating the decrease in the average
friction coefficient at 35 A as mentioned in Section 2.5. The pits at

Intensity of arc

Fig.9 (a) Relationships between the arc intensity and friction coefficient at 80 A and (b) severe arc burning images.

Fig. 10  Macroscopic morphology of carbon pin worn surface under different current intensities.
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Fig. 11 Microscopic morphology and element distribution of carbon pin worn surface under different currents: (al-a3) 0 A, (b1-b3) 25 A, (c1-c3) 35 A, (d1-d3) 50 A,
(el-€3) 65 A, and (f1-f3) 80 A.
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35 A are caused mainly by delamination of the material under
shear forces. Owing to the relatively small arcs generated, the arc
ablation areas mostly exhibit a network-like structure, as shown in
the inset of Fig. 11(cl) (since the ablation areas are small and
shallow, they are not visible in Fig. 12(a)). When the current
reached 50 A, arc erosion pits began to appear on the carbon pin
surface. These pits are sparsely distributed (Fig. 11(d1)) and
relatively shallow (Fig. 12(b)). The arc damages the material
surface, making the carbon layer loose. Owing to the
instantaneous temperature of arc erosion reaching 3,000-5,000 K,
the carbon material undergoes gasification [32], and the
countermating copper also undergoes melting and sputtering,
transferring to the carbon wear surface and concentrating within
the ablation pits to form numerous condensed spherical Cu
particles [33]. Therefore, the primary reason for the significant
increase in wear loss at a current intensity of 50 A is the material
loss caused by arc erosion (Fig. 8(b)). Compared with 35 A, arc
erosion is more severe, leading to fragmentation of the surface
oxide film and a decrease in O content, accompanied by an
increase in the average friction coefficient. At 65 A, strong arcs
ablated at the same location multiple times, significantly
increasing the diameter and depth of the arc erosion pits (Fig. 12(c)).
The elemental analysis revealed that the erosion pits are rich in Cu
and O (Fig. 11(e3)), indicating substantial melting and transfer of
the countermating Cu material. The intensity of arc erosion on
both carbon and copper materials increases significantly.
Moreover, magnified observations of the surrounding area of the
erosion pits (Fig. 11(e2)) reveal a network-like porous structure
formed by the burning of the arc root, which has extremely low
mechanical strength and is prone to damage and stripping during
sliding contact, contributing to material loss. When the current
increases to 80 A, the carbon pin surface is completely covered by
erosion pits, with a diameter approximately three times greater
than that at 35 A (Fig. 12(d)). Multiple cracks are scattered within
the pits (Fig. 11(f2)), mainly thermal stress cracks caused by high
temperatures [34]. These interwoven cracks greatly weaken the
material’s strength, and combined with the increasing number of
porous structures, there is a constant risk of delamination.
Compared with the distribution of Cu, when the current is less
than 50 A, the Cu is concentrated mainly in areas with wear
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debris, indirectly confirming that mechanical wear is dominant
below 50 A, with Cu wear occurring through plowing and
transfer. At 50 A, Cu is distributed both in arc erosion pits and on
the plowed surface and is not affected by arc erosion (Fig. 11(d3)),
indicating that material loss is caused by the combined effects of
mechanical wear and electrochemical wear. When the current
exceeds 50 A, Cu is mainly concentrated in the ablation pits,
accompanied by a surge in oxygen. Therefore, as the arc intensity
increases, the primary form of wear on the countermating surface
gradually shifts from mechanical wear to arc erosion wear, with
increased Cu transfer and severe deterioration of the material
surface.

Through in-depth analysis of the aforementioned results, the
microscopic evolution mechanism of the wear surface of the
contact pair is illustrated in Fig. 13. When the current intensity
ranges from 0 to 25 A, the primary wear mechanism is abrasive
wear. Abrasive debris consisting of copper and carbon appears on
the contact surface, and material loss occurs through plowing and
material transfer (Fig. 13(a)). As the current intensity increases to
35 A, a combination of frictional heat and Joule heat elevates the
surface temperature of the contact pair, accelerating the oxidation
process on the copper surface. Consequently, a dense oxide film
forms on the surface, serving as a lubricant (Fig. 13(b)).

With further increases in current intensity, the arc incidence
rate increases significantly, leading to severe arc erosion that
cracks the oxide film (Fig. 13(c)). The proliferation of surface
cracks markedly diminishes the mechanical properties of the
carbon material, causing it to vaporize, sublime, and escape from
the surface, thereby forming erosion pits and a porous structure.
Moreover, during the arc erosion process, the copper material
undergoes molten sputtering and solidifies into spherical copper
particles, which are then transferred into the arc ablation pits on
the worn carbon surface. Notably, the wear volume of the contact
pair increases substantially, rendering the contact interface uneven
and leading to a drastic deterioration in the electrical contact
performance (Fig. 13(d)).

4 Conclusions

On the basis of the offline friction-induced discharge
phenomenon between carbon strips and irregular Cu contact
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Fig. 12 Three dimensional morphology of erosion pits on the worn surface of carbon pins under different currents: (a) 35 A, (b) 50 A, (c) 65 A, and (d) 80 A.
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wires, this paper delves into the differences in the electrical
performance and friction-wear properties of the contact pair
under various current intensities. The followings are the key
findings:

(1) When the current reaches a sufficient level, the arc column
of the old arc, which occurs when the contact pair separates,
connects with the arc foot of the new arc that is yet to make
contact, leading to the formation of a continuous arc.
Additionally, under the same current, the arc intensity prior to
contact is significantly lower than that during separation. Once the
current intensity exceeds 50 A, the arc incidence rate increases
dramatically, with frequent occurrence of intense arcs. Arc
discharge causes varying degrees of current distortion, impacting
the electrical performance of the system.

(2) The temperature, arc energy, and wear volume are
positively correlated with the current intensity. However, owing to
the lubricating effect of the oxide film, a turning point in the
friction coefficient is observed at 35 A. Specifically, there is a direct
proportional relationship between temperature (7) and
cumulative arc energy (E), with T'= 60.7 + 21.1E and a Pearson
correlation coefficient of 0.99018. The primary source of heat
macroscopically is arc heat, whereas friction heat and resistance
heat play only minor roles. Furthermore, the current-carrying
capacity and operational stability of the system influence each
other, and severe arc discharge phenomena of the contact pair can
be predicted to some extent through abrupt changes in the friction
coefficient.

(3) The presence of arcs not only affects electrical performance
but also causes severe damage to carbon strips. The proportion of
the arc erosion area, depth, and diameter of the erosion pits on the
carbon strips are positively correlated with the arc intensity. Severe
arc erosion can lead to severe pulverization, sublimation, and
delamination of the carbon strip surface, with thermal stress
cracks widespread in arc pits. Simultaneously, the Cu material
undergoes molten sputtering and solidifies, mostly distributed
within ablation pits, causing significant damage to the mating
materials. As the current varies from 25 to 80 A, the wear
mechanism gradually shifts from primarily abrasive wear to arc
erosion wear.
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