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Abstract

Purpose — The pantograph—catenary system (PCS) plays a crucial role in ensuring stable and continuous current
collection in electric railway operations. This paper aims to review and synthesize existing research on contact
strip (CS) wear, with particular emphasis on dominant wear mechanisms, influencing parameters, and material
performance under high-speed train (HST) conditions.

Design/methodology/approach — A structured and critical review of the literature is conducted, covering
mechanical, electrical, and electro-mechanical wear mechanisms. Relevant studies are analysed in terms of
operating conditions, including train speed, contact force, electrical current intensity, system configuration and
environmental influences. Special attention is given to metal-impregnated carbon materials, which are widely
adopted in current HST applications, as well as to composite materials that are being actively investigated and
developed for future HST systems. Comparative analysis is performed to identify governing factors and
methodological trends in existing investigations.

Findings — The literature indicates that CS degradation results from strongly coupled mechanical and electrical
loading, with the relative contribution of each wear mechanism varying according to operating regimes and material
characteristics. Carbon-based composite materials demonstrate a favourable balance between conductivity, wear
resistance and compatibility with the contact line (CL). However, inconsistencies remain in the quantification of wear
interactions and in the standardisation of evaluation approaches under diverse climatic and operational conditions.
Originality/value — This review provides an integrated and up-to-date synthesis of multi-mechanism wear
behaviour in CS, highlighting current research gaps and methodological limitations. The paper offers structured
insight to support material selection, performance optimisation and future research directions, contributing to
enhanced reliability and maintenance efficiency of HST systems.

Keywords Carbon-based composites, Contact strip, Current collection, High-speed trains, Wear behaviour
Paper type General review

1. Introduction
Along with societal development and the global trend of urbanization, high-speed trains (HST)
have been increasingly regarded as a strategic solution to modern mobility demands, owing to
their ability to simultaneously deliver high operating speeds, a high level of operational safety,
and sustainability in urban development (Abd Majid & Mohd Zaki, 2025; Permalu & Nagarajoo,
2024). The rapid advancement of electric railway systems is widely considered to represent a
significant transformation within the transportation sector, reflecting a broader shift toward smart
urban mobility and sustainable transport development (Yang et al., 2022; Zhao et al., 2025).
The pantograph—catenary system (PCS) plays a pivotal role in the overall configuration of
HST, directly determining operational safety and reliability. A schematic overview of the
electrical system is presented in Figure 1. Electrical power for traction is supplied through the
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Figure 1. Electrical system schematic of a HST. Seurce(s): Nilson (2023)

overhead contact line (CL), which provides the energy required for HST operation. The
pantograph, mounted on the roof of the train, serves as the device responsible for collecting
electrical energy from the overhead contact system. The contact strip (CS), acting as the
conductive component in direct contact with the CL, forms a sliding current collection
interface (Wu et al., 2022a). This system enables the transmission of electrical energy from
traction substations to the train during motion. As a critical subsystem of electric traction
systems for HST, the pantograph plays a key role in ensuring efficient and reliable power
transmission. The operational performance of the pantograph has a significant influence on
overall system efficiency and the development of electrified railway technologies (Liu et al.,
2020; Liu, Zhang, Li, Zhao, & Zhou, 2026). The primary technical characteristics of the
pantograph, including material density, electrical conductivity, and impact resistance, are
required to satisfy stringent standards to ensure stable operation and optimal performance
(Bruni, Bucca, Facchinetti, Gregori, & Pombo, 2025; Jia, Li, Guo, Su, & Song, 2023).

The CS is a critical component of electric traction systems, directly influencing the
efficiency and stability of current collection. The quality of the CS governs the reliability of
electrical energy transfer between the pantograph and the CL. During operation, the CS is
exposed to the ambient environment and subjected to combined mechanical, electrical, and
aerodynamic loads, making it particularly susceptible to wear over extended service periods.
As train operating speeds increase, the dynamic loads acting on the current collection system
intensify, leading to more complex wear mechanisms and adversely affecting the reliability
and service life of electrified railway systems (Xu et al., 2024). Furthermore, the contact
pressure between the CS and the CL is a key operational parameter that directly affects the
reliability and durability of the current collection system. Excessive contact pressure can result
in abnormal wear of both the CS and the CL, significantly shortening their service life.
Conversely, insufficient contact pressure may cause interruptions in current transmission,
leading to electrical arcing at the contact interface, which can damage or even burn the CL
(Derosa, Navik, Collina, Bucca, & Rgnnquist, 2021; Song, Mei, Liu, & Gao, 2023).

Abnormal wear of the CS is known to have a significant impact on train maintenance and
operational performance. When the degree of wear exceeds allowable limits, the CS must be
replaced more frequently to ensure continuity and safety during operation. However, such
frequent replacements substantially increase maintenance costs and result in extended train
downtime. In certain cases, if severe wear of the CS occurs while the train is in service, the
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monitoring system may automatically trigger the lowering of the pantograph in order to prevent
equipment damage or electrical arcing. Such incidents not only disrupt train punctuality but also
pose potential risks to the operational safety of the entire electric railway system (Zhi et al., 2026).

Therefore, the accurate identification of the underlying causes of abnormal wear of the CS
is of critical importance for ensuring operational safety and extending the service life of
onboard electrical equipment. In this paper, the principal factors leading to CS wear are
systematically analysed, and existing studies related to the early detection of damage and
degradation of this component are comprehensively reviewed and evaluated. In addition,
current research directions concerning materials used for CS are surveyed, with particular
emphasis placed on emerging material development trends aimed at achieving enhanced wear
resistance and improved electrical stability. The findings presented in this study are expected
to provide a solid scientific basis for investigating wear mechanisms and for proposing
effective technical measures to mitigate CS degradation. Consequently, the reliability and
operational efficiency of the PCS in HST can be further improved.

The remainder of this paper is structured as follows. Section 2 describes the material structure
of CS, focusing on their compositional design and functional requirements under high-speed
current collection conditions. Section 3 analyses the principal mechanisms leading to CS wear,
including mechanical wear, electrical wear, and electro-mechanical wear. Section 4 reviews
current methods for the inspection and detection of CS abnormalities, covering both conventional
diagnostic techniques and emerging monitoring technologies. Section 5 discusses open technical
challenges and outlines prospective research directions aimed at improving durability, reliability,
and predictive maintenance strategies. Finally, Section 6 concludes the paper by summarising the
main findings and highlighting key implications for future developments.

2. Material structure of CS

The material of the CS plays a decisive role in the current collection quality of the electrical
system. As the CS is in direct contact with the surrounding environment, it is subjected to
various influences, including friction, temperature fluctuations, humidity, contamination by
dust and debris, and electrical arcing. Consequently, the design of CS materials is required to
simultaneously satisfy multiple performance criteria, including high wear resistance,
corrosion resistance, high electrical conductivity, thermal stability, self-lubricating
capability, and good impact resistance (Fadzil, Hyie, & Selamat, 2023). These key material
characteristics are illustrated in Figure 2.

First, wear resistance is regarded as a critical requirement, as the CS is continuously subjected
to friction against the CL under high contact forces and high operating speeds. The material is
therefore required to maintain sufficient mechanical strength and a stable surface structure in
order to limit material loss and extend service life. In addition, corrosion resistance is essential for
suppressing chemical reactions induced by moisture, salt, air pollutants, and oxidation products
generated during electrical arcing. High electrical conductivity is a mandatory property, as it
reduces resistive losses, limits localized heat generation at the contact interface, and ensures
efficient energy transmission. The CS material is also required to exhibit good thermal stability,
particularly under severe operating conditions where surface temperatures may rise sharply due to
high electrical currents or arc discharges. Self-lubricating capability represents another important
material characteristic, as it contributes to lowering the friction coefficient, slowing wear
progression, and mitigating stick—slip phenomena, thereby improving contact stability. Finally,
adequate impact resistance and resistance to cracking are necessary to prevent material failure
under strong vibrations, aerodynamic loads, or when encountering irregularities along the CL.

Research on CS materials has attracted considerable attention from the scientific community.
At present, the materials commonly employed for CS can be broadly classified into five main
categories: pure metal contact strips, pure carbon contact strips, powder metallurgy contact strips,
metal-impregnated carbon contact strips, and composite contact strips (Wu et al., 2022a; Zuo
et al., 2021a). The characteristic features of each material category are summarised in Table 1.
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Figure 2. Material requirements for CS. Source(s): Authors’ own work

As shown in Table 1, the advantages and limitations of each material indicate that pure
metal, pure carbon, and powder metallurgy CS are generally suitable only for low- and
medium-speed train applications (<200 km/h). Consequently, in order to meet the operational
requirements of HST (>200 km/h) and future very-high-speed train systems, material research
should be primarily focused on metal-impregnated carbon contact strips and composite
materials. These material systems are expected to offer more comprehensive and superior
performance in terms of wear resistance, electrical stability, and overall service reliability.

2.1 Metal-impregnated carbon contact strip

Metal-impregnated carbon contact strip are typically manufactured using a carbon/graphite
matrix, which is subsequently infiltrated with metals such as copper, antimony, or silver in
order to enhance mechanical strength, improve thermal conductivity, and reduce material
porosity. Common techniques employed for producing metal-impregnated carbon/graphite
materials include liquid metal infiltration and sintering processes combined with metal
impregnation (Cantirk & Kovacik, 2022). The manufacturing process of the metal-
impregnated carbon contact strip is illustrated in Figure 3, with the red line indicating the
process flow.
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Table 1. Classification and characteristics of CS materials

Type of CS

Advantages

Disadvantages

Pure metal contact
strip

Pure carbon contact
strip

Powder metallurgy
contact strip

Metal-impregnated
carbon contact strip

Composite contact
strip

Low cost; high electrical conductivity;
large current-carrying capacity; long
service life; high mechanical strength

Good self-lubricating properties;
significant friction reduction; good high-
temperature resistance; adequate
electrical conductivity; minimal damage
to the CL; low mass

High mechanical strength; good wear
resistance; good electrical conductivity;
good impact resistance; moderate surface
hardness

Good electrical conductivity; high
thermal stability; good wear resistance;
high mechanical strength; low contact
resistance with the CL; long service life;
good resistance to arc erosion

High mechanical strength; low weight;
good resistance to electrical arcing; good
wear resistance; good thermal stability;
excellent impact resistance and self-
lubricating properties

Source(s): Authors’ own work

Poor self-lubricating ability; causes severe
wear of the CL; limited resistance to high
temperatures; prone to adhesion;
susceptible to melting

Low mechanical strength; prone to
cracking or chipping under strong impacts;
high wear rate; limited current-carrying
capacity

Poor self-lubricating performance; severe
wear of the CL; limited resistance to
electrical arcing

High maintenance cost; poor impact
resistance; prone to cracking or chipping

High cost; long manufacturing cycle;
potential degradation of electrical
conductivity; limited high-temperature
resistance; susceptibility to thermal
decomposition

Pure carbon
contact strip
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Figure 3. Schematic of the CS manufacturing process. Source(s): Wu et al. (2022a)

Metal-impregnated carbon contact strip are commonly fabricated using melt infiltration
techniques, which are carried out in sealed chambers under controlled pressure conditions and
at elevated temperatures. Typical melt infiltration methods include vacuum infiltration,
pressureless infiltration, and pressure-assisted infiltration (Biswas et al., 2024; Ma et al.,



2020). These processes indicate that melt infiltration is a key factor governing the interfacial
bonding strength between the carbon matrix and the infiltrated metal. The effectiveness of melt
infiltration is generally quantified by the contact angle: a contact angle greater than 90°
indicates poor wettability, whereas a contact angle less than 90° corresponds to good
wettability between the carbon substrate and the molten metal (Cantiirk & Kovacik, 2022).

Kong, Ru, Zhang, and Fan (2018) reported that a Cr3C, coating was applied to copper-
infiltrated carbon—carbon (C/C) composites. The results demonstrated that the wettability
between the carbon surface and molten copper was significantly improved, with the contact
angle reduced from 140° to 60°. In addition, the resulting C/C composite exhibited a porosity
of 42% and a density of 3.69 g/cm® together with enhanced electrical and thermal
conductivity. Both compressive and flexural strengths were markedly improved, while a low
friction coefficient and reduced wear rate were achieved. These results confirm the strong
potential of C/C—Cu composites for practical application as current-collecting materials for
pantographs. Zuo et al. (2021b) investigated carbon-copper (C/Cu) and Cu-B/carbon
materials sintered from copper—boron alloys using melt infiltration techniques. The results
indicated that the contact angle was reduced from 123.6° to 21.3°, demonstrating a significant
improvement in wettability. Furthermore, the compressive and flexural strengths were
increased by 39% and 54%, respectively. The minimum electrical resistivity of 1.7 pQ-m was
achieved at a boron content of 1.2 wt%, highlighting the effectiveness of boron addition in
enhancing both mechanical and electrical performance. Zhang, Guo, Zhao, Zhang, and He
(2020) examined the interfacial microstructure formed during the melt infiltration of C/C
materials with Cu—8 wt% Ti at 1373 K for 30 minutes was examined. The results revealed the
formation of two distinct interfacial contact regions: one consisting of a copper layer with a
maximum thickness of approximately 500 nm at the interface between pyrolytic carbon (PyC)
and coarse-grained TiC (CG), and another comprising fine-grained TiC (FG) mixed with
nanoscale copper particles. Zuo et al. (2021c) investigated reaction products formed between
iron (Fe) and C/Cu materials were investigated. The Fe element was found to be distributed
between the carbon matrix and the copper phase, with carbon reacting to form an Fe;C
interfacial layer. The results indicated that the contact angle was reduced from 124° to 21°,
demonstrating significantly improved wettability. However, the electrical resistivity was
increased by approximately six times compared with that of the material without Fe addition.

At present, many countries worldwide have developed and manufactured metal-
impregnated carbon CS with technical characteristics tailored to the requirements of their
respective electric train systems. Table 2 presents representative characteristic parameters of
CS employed in several typical countries.

2.2 Composite contact strip

Compared with metal-impregnated carbon contact strips, composite contact strip exhibit
superior mechanical strength and enhanced wear resistance. Composite contact strips are
defined as multi-phase engineered materials consisting of a carbon-based matrix combined
with reinforcing or functional constituents including carbon fibers, metal fibers, metallic
phases, ceramic particles (e.g., carbides), or hybrid architectures and are fabricated through
specialized mixing and processing techniques to achieve a synergistic combination of
properties. Figure 3 illustrates the manufacturing process of the composite contact strip, where
the orange line denotes the process flow.

For metal-carbon fiber—reinforced composite CS, chemical surface treatment is required to
enhance fiber surface stability and to prevent carbonization. Lee, Kim, Kim, and Kim (2023)
demonstrated that optimized silane treatment of recycled carbon fibers significantly increased
interfacial shear strength and the oxygen content on the fiber surface, indicating enhanced
surface activity and improved interfacial bonding. These findings can be directly applied to the
development and performance improvement of composite CS. Wang et al. (2020)
demonstrated that a TiO, coating formed on a carbon substrate via the sol-gel method
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Table 2. Specifications of metal-impregnated carbon CS in selected countries

Electrical ~ Flexural
Density  resistivity  strength
Manufacturer Description (g/crn3) (u€2-m) (MPa) Source
Mersen (P5696) Metal impregnated (22% Cu) 2.25 6 70 Mersen
(2024)
Mersen (P2805) Metal impregnated (28% Cu) 2.4 3.5 70 Mersen
(2024)
Mersen (P3210) Metal impregnated (32% Cu) 2.5 2.2 85 Mersen
(2024)
Morgan (MY131) Metalised carbon light weight lead 2.2 8 60 Morgan
free (2024)
Morgan Metalised carbon low resistivity for 2.4 4 60 Morgan
(MY7A2) general applications lead free (2024)
Morgan Metalised carbon low resistivity for 2.4 3 65 Morgan
(MTB85A) general applications lead free (2024)
Morgan Metalised carbon low resistivity for 2.7 2 60 Morgan
(MY258A2) high current applications lead free (2024)
Morgan Metalised carbon low resistivity for 2.8 1 60 Morgan
(MY258A4) high current applications lead free (2024)
Pantrac Impregnated carbon 34 7 102 Pantrac
(RH83M6) (2024)
Elekro Karbon Metal impregnated (Cu) 2.3 5 60 Fadzil et al.
a.s. (SK162) (2023)
L. T graphite Metal impregnated (32% Cu) 2.5 2.2 80 L. T
(PCS-30) graphite
(2024)
Morteng (CK20)  higher strength and lower resistivity ~ 2.7 5 75 Morteng
(2024)
Morteng (CK50)  carbon based material-impregnated 2.3 5 85 Morteng
material, good conductivity, (2024)
strength, and density
Morteng (CK80)  Carbon based metal impregnated 2 8 80 Morteng
material, less copper infiltration, (2024)
relatively light

Source(s): Authors’ own work

produced a uniform and chemically stable layer, which enhanced surface protection and
effectively maintained structural integrity. Tian et al. (2026) applied a specially formulated
phosphate conversion coating to the surface and observed a significant reduction in surface
degradation under corrosive and wear conditions. These results indicate the strong potential of
chemical surface treatment methods for enhancing the durability and stability of fibers in
metal-carbon fiber-reinforced composites, which can be directly applied to CS.

Carbon/carbon composite CS consist of carbon fibers reinforced within a carbon matrix
and are distinguished by their excellent high-temperature resistance and thermo-mechanical
stability at high operating speeds, making them particularly suitable for pantograph contact
systems of HST. At present, such materials are mainly fabricated using two principal
approaches.

The first approach employs a hybrid reinforcement of continuous long carbon fibers and
chopped carbon fibers to optimize both mechanical performance and electrical conductivity.
The fibers are blended according to a designed ratio and subsequently consolidated by hot
pressing or cold pressing to form a green preform, followed by successive cycles of resin
impregnation, carbonization, and graphitization to achieve the required strength and density.
This method enables improved control over matrix structure and facilitates the formation of a
continuous conductive network within the composite.



The second approach is based on continuous carbon fibers in the form of woven fabrics. In
this case, carbon fiber fabrics are tailored with optimized fiber orientations for load-bearing
capacity and electrical conduction, impregnated with resin or pitch/phenolic binders, and then
subjected to multiple impregnation, carbonization, densification, and graphitization cycles to
increase density, enhance mechanical strength, and improve resistance to electrical arcing
(Agarwal et al., 2024; Jiang et al., 2025).

Surface treatment of carbon fibers is essential in carbon/carbon CS to improve interfacial
adhesion between the fibers and the matrix, enhance metal impregnation (e.g., copper), and
ensure stability under thermal loading, wear, and electrical arcing conditions. The pristine
surface of carbon fibers is typically chemically inert and contains a limited number of active
functional groups, resulting in poor wettability with resins or metals and weak fiber—matrix
bonding. This deficiency can lead to degraded mechanical performance and reduced service
life of the composite material (Peng, Wu, & Wei, 2024). Through treatments such as acid
oxidation, plasma treatment, or chemical coating, polar functional groups (e.g., -COOH,
—C=0) are introduced onto the fiber surface, while surface roughness is simultaneously
increased. These modifications improve wettability, raise surface energy, and consequently
enhance fiber—matrix interfacial bonding (Ansari, Zafar, & Pathak, 2023). Furthermore, in C/
C—Cu (carbon/carbon copper-impregnated) designs, surface-treated fibers promote more
effective copper infiltration into the fiber structure, reduce defects, facilitate the formation of a
continuous electrical conduction network, and suppress arc-induced wear. As a result, the
overall performance and durability of CS are significantly improved.

Wang et al. (2023a) evaluated the performance of C/C—Cu and C/C—Cuf composite contact
strip in comparison with pure carbon contact strips, with the aim of enhancing electrical
conductivity, mechanical properties, and wear resistance under current-carrying conditions.
The results showed that the C/C—Cu contact strips exhibited a significantly lower friction
coefficient, reduced wear rate, and markedly lower arc energy than both pure carbon and C/C—
Cuf contact strips. Wear surface analyses revealed that C/C—Cu was capable of forming a
stable crystalline layer, which acted as a self-generated solid lubricating film and effectively
improved friction and wear behavior. Overall, the study demonstrated that copper
incorporation into the C/C matrix represents an effective strategy for upgrading CS,
particularly for applications involving high electrical currents and demanding contact
durability requirements. Li et al. (2022) developed a carbon/needle-coke composite reinforced
with copper fibers (CF NC/C) for CS applications, aiming to enhance electrical conductivity,
mechanical performance, and wear resistance under current-carrying conditions. The results
indicated that the CF NC/C sample containing 5 wt% copper fibers achieved a densitg of
1.8788 g/cm?, an electrical resistivity of 35.18 pQ2-m, and an impact strength of 0.16 J/cm?. In
addition, this composition exhibited the lowest friction coefficient and the smallest wear rate
among the tested specimens under electrical loading. The uniform distribution of copper fibers
achieved through the rolling process contributed to maintaining a stable carbon matrix
structure, while the incorporation of needle coke further improved mechanical properties and
current-carrying capability.

Wang et al. (2021) reported a novel CS fabricated from a carbon-fiber-reinforced polymer
(CFRP) composite and further integrated with a copper mesh. The manufacturing process
involved impregnation with a resin containing carbon fibers and flake graphite, followed by
hot molding. The results demonstrated that the composite exhibited significantly lower
electrical resistivity compared with pure carbon contact strips. The addition of carbon fibers
markedly improved impact strength and wear resistance. Furthermore, both electrical
resistivity and the friction coefficient decreased as the graphite content was increased from 0 to
15 wt%.

Recent developments have introduced advanced composite systems such as multi-carbide
composites (MCC), in which multiple carbide phases (e.g., SiC, TiC) are incorporated into a
carbon matrix (Wu et al., 2022a). These materials, particularly those based on MAX phase
ceramics (Atazadeh, Heydari, Baharvandi, & Ehsani, 2016), exhibit significantly enhanced
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electrical conductivity, mechanical strength, oxidation resistance, and thermal stability
compared to conventional carbon-based strips. Similarly, carbide-reinforced composites such
as C/C-SiC systems have demonstrated improved hardness and tribological performance due
to reduced chemical reactivity and enhanced structural stability (Kumar & Srivastava, 2016).

In addition to the aforementioned composite pantograph contact strips, recent studies have
increasingly focused on multi-phase composite systems for pantograph applications. These
materials consist of a carbon-based matrix integrated with multiple reinforcing and functional
phases, including metals, ceramic particles, and fibers (Tan et al., 2022; Wang et al., 2020).
Wang et al. (2022b) investigated Al,03~ZrO,—C multi-phase composites incorporating nano-
oxide additives (nano-ZrO,, nano-TiO,, and nano-Al,03). Their results showed that these
nano-phases promote the in-situ formation and growth of SiC nanowires, leading to an
increased aspect ratio and improved microstructural connectivity. Consequently, the
composites exhibited enhanced sinterability, thermal shock resistance, and oxidation
resistance. These findings highlight the critical role of nano-scale additives and phase
interactions in tailoring the microstructure and performance of multi-phase composite
systems. Ban et al. (2020) investigated the incorporation of ZrB,—SiCw composite powders
into Al,O3-ZrO,—C multi-phase CS materials to enhance corrosion resistance. Their results
indicated that the introduction of ZrB, and SiC whiskers significantly improved the
microstructural integrity by promoting a more compact and interconnected phase distribution.
In addition, the presence of SiCw contributed to crack deflection and bridging mechanisms,
while ZrB, enhanced resistance to slag corrosion and high-temperature degradation. As a
result, the modified composites exhibited improved corrosion resistance and overall
durability, demonstrating the effectiveness of multi-phase reinforcement strategies in
optimizing CS performance under harsh operating conditions.

3. Causes of CS wear

3.1 Wear mechanisms

During HST operation, the CS comes into direct contact with the overhead CL to collect
electrical current for the train’s power system. While in motion, relative sliding occurs
continuously between the CS surface and the CL under high contact pressure, generating
friction and wear (Du et al., 2025). CS wear can be classified into three main categories
depending on the dominant influencing factors: mechanical wear, electrical wear, and electro-
mechanical wear. The wear rate of the CS is directly affected by the temperature generated at
the contact interface, which primarily arises from mechanical friction, contact resistance, and
electrical arcing during current collection (Ren & Chen, 2023; Zhou et al., 2024b).

3.2 Mechanical wear

Mechanical wear occurs due to the continuous sliding friction between the CS and the CL. The
contact force exerted by the pantograph (70-120 N), combined with the high train speed
(>350 km/h), generates substantial contact pressure. When coupled with environmental
influences, this leads to material detachment and loss from the CS surface (Haeg, 2025).
According to Archard (1953), the volume of material removed by wear is proportional to the
applied normal load and the sliding distance, and inversely proportional to the hardness of the
softer material (Wang, Wang, Ge, Si, & Yang, 2023b), which can be expressed as follows:

F.s
V=k— 1
I ()

Where: Vis the volume of material worn; k is the wear coefficient; F is the contact force; s is the
sliding distance; and H is the material hardness.



Mechanical wear of CS primarily includes adhesive wear, abrasive wear, and fatigue wear.
These mechanisms can occur sequentially or simultaneously, interacting with one another to
produce surface degradation.

Adhesive wear arises when two contacting surfaces are subjected to high contact pressure.
At microscopic asperities, friction generates localized high temperatures, causing the contact
points to adhere. During relative motion between the surfaces, these adhered points are sheared
off, resulting in the detachment of material fragments. This process transfers material from one
surface to the other or produces loose wear debris (Zhang, Goltsberg, & Etsion, 2022).

Abrasive wear occurs when hard particles or contaminants such as dust, metal oxides, or
sand grains enter the contact zone between the CS and the CL, or when surface asperities
interact during sliding. These particles act as micro-cutting tools, producing scratches and
material removal on the surface (Derosa, Navik, Collina, Bucca, & Rgnnquist, 2020), as
illustrated in Figure 4a. This mechanism can be classified into two types: two-body wear,
where the CS and CL directly abrade each other, and three-body wear, where intermediary
particles move between the two surfaces and induce wear. The characteristic surface
morphology of abrasive wear consists of grooves aligned parallel to the sliding direction. The
wear rate increases significantly when trains operate in dusty or desert environments.
Consequences of abrasive wear include reduced surface flatness, increased pantograph
oscillation, and conditions favorable to electrical arcing, which can subsequently lead to
electrical wear.

Fatigue wear occurs when the CS surface is subjected to repeated stresses caused by
continuous pantograph oscillations following the CL profile. This process leads to the
initiation of microcracks, and over time, thin layers of material peel off in flakes, resulting in
reduced surface durability. The characteristic features of fatigue wear include pitting or the
delamination of thin carbon layers on the CS surface. This mechanism is closely related to the
oscillation frequency of the pantograph, the surface roughness of the CL, and is strongly
promoted under high train speeds or large oscillation amplitudes. In addition, irregularities in
the pantograph suspension system or uneven catenary sag increase repeated stresses, thereby
accelerating fatigue wear (Zhi et al., 2026).

3.3 Electrical wear

Electrical wear occurs when oscillations at the contact interface cause intermittent current
flow, leading to the formation of electrical arcs. Temperatures in the arc region can reach 2000—
4,000 °C, causing localized melting and vaporization of material on the contact surface.
Common types of electrical wear include arc erosion, in which material melts and vaporizes,
producing a roughened surface, and melting wear, which results in burnt areas, flowing

Figure 4. Wear of CS: (a) mechanical wear; (b) arc erosion wear. Source(s): Derosa et al. (2020)
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material, or small craters on the surface. Manifestations of electrical wear include blackened
scorch marks, small pits, or thermal cracks. This mechanism is particularly pronounced when
the CL is uneven, the pantograph undergoes large oscillations, or the electrical contact quality
is poor (Hu, Huang, Cheng, Zhang, & Ma, 2024), as illustrated in Figure 4b.

On the surface of the CS, the effective heat flux responsible for heating and splashing
molten material is defined as follows (Tian, Wang, Lu, & Li, 2025):

Ga = ho(T —Tp) )

Where: ¢, is the effective heat flux; 4, is the heat transfer coefficient associated with arc
heating; Ty is the local surface temperature of the material; T is the arc temperature.

When T, reaches a high temperature exceeding the critical temperature, the molten
splashing process occurs; when T, is below the material’s critical failure temperature, the
effective heat flux is used to heat the material in its solid state. The molten splashing process
can be described as follows:

_
pH,

3)

Va

Where: p is the material density, and H; is the boiling point of the material.

3.4 Electro-mechanical wear
The heat generated by friction between the CS and the CL is generally relatively small,
whereas Joule heating can cause significant surface temperature variations. As the temperature
rises, the surface material softens, and oxide layers as well as molten material layers form on
the CS surface. Under repeated oscillatory stresses, the softened material begins to develop
surface cracks. As the crack density increases, material gradually detaches and flakes off the
surface (Dong, Li, Chen, Wang, & Zhang, 2025). Some of the detached material remains
adhered within the friction pair, forming wear particles distributed in arc-induced pits and on
the contact surface. This phenomenon increases surface roughness, leading to higher vibration
and impact during contact. The combination of intense vibration and surface material loss
causes arc-eroded regions to coalesce, forming extensive flaked areas (Song, Bi, & Wu, 2025).
Under the influence of electrical current, the fatigue spalling rate of the surface material is
further accelerated, while the number of arc-induced pits increases. The presence of wear
particles exacerbates granular wear, and the elevated temperature promotes material oxidation,
leading to more severe adhesive wear.

Therefore, it can be concluded that the electrical current primarily affects the CS surface by
increasing the temperature, and electro-mechanical wear constitutes a characteristic wear
mechanism that plays a crucial role in the degradation of CS performance.

3.5 Influence of the CL

The design and layout parameters of the overhead CL directly influence the wear
characteristics of the CS during current collection. Tension, diameter, sag, and gradient are
key factors that determine the quality of contact between the line and the CS.

Firstly, the tension of the CL affects the stability of the wire position during HST operation.
Insufficient tension allows the wire to oscillate and sag significantly, requiring the pantograph
to adjust continuously to maintain contact, which leads to fluctuations in contact force and
intermittent current flow. These oscillations increase mechanical wear due to impact and
electrical wear caused by arcing at the contact interface. Conversely, excessive tension raises
the overall stiffness of the system, resulting in higher reactive forces at the contact point,
stronger material detachment, and increased adhesive wear. In addition, the wire diameter
plays a significant role: a larger diameter reduces current density and contact temperature,



mitigating arcing; however, an excessively large diameter increases the wire mass and sag,
inducing undesirable mechanical oscillations (Hayes, Fletcher, Beagles, & Chan, 2020; Sunar
& Fletcher, 2023).

In addition to the factors above, the slope or lateral offset of the CL is an important design
parameter for evenly distributing contact across the entire CS surface. In practice, the CL is not
laid straight along the track direction but is intentionally offset alternately on either side of the
pantograph center. This arrangement helps to disperse contact pressure and prevents localized
wear at a fixed position on the CS. Simultaneously, as the contact point continuously shifts
laterally, allowing previously loaded regions of the CS to dissipate heat and reduce thermal
accumulation, thereby mitigating adhesive wear and material degradation. If the wire were laid
straight, repeated pressure and heating at the same location would cause severe adhesive wear,
forming deep grooves in the middle of the CS and significantly shortening its service life.
However, excessive lateral offset or uneven placement between spans increases lateral
pantograph oscillations, leading to higher vibrations and a greater risk of contact loss (Simarro,
Postigo, Casanueva, Rodriguez-Tembleque, & Castillo, 2024).

3.6 Influence of the pantograph

The pantograph is a key intermediary component in the current collection system,
responsible for maintaining stable electro-mechanical contact between the CS and the
overhead CL to transmit electrical current to the train. The structural characteristics, contact
force, and dynamic oscillations of the pantograph, together with external factors such as
train speed, vibrations, and aerodynamic conditions, directly influence the extent and
mechanisms of CS wear. Specifically, the contact force is a critical parameter for current
transmission quality: if the force is too low, contact becomes unstable, leading to
intermittent separation accompanied by arcing, which causes electro-mechanical wear due
to localized heating and electrochemical corrosion; conversely, excessive contact force
increases friction, resulting in mechanical wear, fatigue cracking, and surface deformation
of the CS. The pantograph’s dynamic oscillations, particularly at high speeds, cause
significant variations in contact force, generating impacts and uneven wear. When the
pantograph oscillation frequency resonates with the CL, impact forces are amplified,
leading to increased impact wear and arc erosion (Amano, Kobayashi, Yabuno, Yamashita,
& Mori, 2024; Santamato, Chiaradia, Solazzi, & Frisoli, 2023).

In addition, aerodynamic factors play a significant role: at high speeds, airflow
disturbances around the pantograph head generating aerodynamic lift forces that modify the
contact force and introduce significant force fluctuations, which may increase the frequency of
contact loss and thereby promote arcing. Vibrations from the train carbody and suspension
system also affect the dynamic stability of the pantograph; if the amplitude or frequency of
these vibrations approaches the pantograph’s natural frequency, resonance occurs, causing
large fluctuations in contact force and severe impact wear. The mass and stiffness of the
pantograph head suspension spring are also critical factors: an overly stiff system causes the
pantograph to respond slowly to CL oscillations, resulting in strong impacts and localized
wear, whereas an overly soft system can lead to intermittent contact and arcing (Wu, Gu, Ma,
& Wang, 2022b).

Furthermore, the geometric design of the pantograph also affects wear distribution: the
single-arm pantograph, with its lower mass and higher stiffness, helps reduce oscillations
and maintain stable contact, whereas the double-arm pantograph is more prone to resonance
with the CL, increasing localized wear, as illustrated in Figure 5. When the CS is not aligned
parallel or perpendicular to the CL, uneven load distribution occurs, resulting in uneven
surface wear or edge wear. In addition, high current through the pantograph alters the
contact resistance, generating Joule heating and thermal fatigue, which further accelerates
overall wear.
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Figure 5. Pantograph configurations: (a) single-arm type; (b) double-arm type. Source(s): Wu et al. (2022a),
Santamato et al. (2023)

3.7 Influence of environmental conditions

External environmental conditions play a crucial role in the wear mechanisms of CS, affecting
them through various physical, chemical, and aerodynamic factors. Ambient temperature and
humidity directly influence the contact surface: high temperatures soften the surface material,
reducing mechanical strength and increasing both mechanical wear and deformation, while
high humidity or condensation forms a thin water film, raising contact resistance, generating
Joule heating and localized arcing, and promoting electro-mechanical wear. However, the
influence of humidity is not entirely detrimental: a certain level of moisture may facilitate the
formation of oxygen-rich tribofilms at the interface, which can reduce friction and mitigate
wear under specific conditions. In ion-rich environments, such as coastal areas or polluted
regions, electrochemical corrosion combined with mechanical friction and arcing leads to
complex wear, accelerating CS degradation. Dust, debris, or ice accumulation on the CL
increases surface roughness, creating stress concentration points and localized wear (Ning
et al., 2024; Zhi et al., 2025, 2026).

Indeed, Yao, Zhou, Mei, and Zhang (2020) reported that as the thickness of the ice layer on
the CL surface increases, the quality of current collection deteriorates significantly. Moreover,
when train speed increases in the presence of ice accretion, the degradation in current
collection performance becomes more severe. Under low-temperature operating conditions, it
has also been observed that, in addition to the adverse effects on current collection quality, the
hydraulic damper of the pantograph is substantially affected. Wang, Liang, Zhang, and Twnicki
(2019) reported that low temperatures increase the damping force, while the lowering
efficiency of the pantograph is significantly reduced due to instability in the damping
characteristics.

Furthermore, airflow around the pantograph particularly at high train speeds or under
seasonal winds and turbulence causes fluctuations in contact force, leading to impacts and
uneven wear. Thermal cycles, vibrations, and aerodynamic conditions also contribute to
mechanical fatigue, microcracking, and alterations in contact geometry, creating conditions
for concentrated wear (Daocharoenporn & Mongkolwongrojn, 2023).

Specifically, in Vietnam’s tropical monsoon climate characterized by high humidity,
frequent rainfall, and coastal salt exposure environmental factors further accelerate CS wear. A
persistent moisture film on the CS and CL increases electrical resistance, generating localized
heating and arcing. High temperatures, combined with friction and current flow, soften the
material, promoting mechanical wear and surface deformation. Daily thermal cycles induce
thermal fatigue and microcracks, which act as sites for concentrated wear (Zhi et al., 2026).

It has been observed that high interface temperatures significantly affect the failure
characteristics of the C—Cu contact interface during electrical sliding between contact pairs
(Wang et al., 2022a). When elevated temperatures occur, surface cracking is induced, and the
rapid recovery contributes to an increased wear rate of the carbon material under high current



conditions. It was demonstrated by Liu et al. (2021) that increasing temperature significantly Railway Sciences

affects frictional behavior, leading to a marked enhancement of adhesive wear and a
concurrent exacerbation of oxidative wear.

Li, Zhao, Ji, Dong, and Wei (2025) investigated arc characteristics and erosion behavior of
the frictional contact pair under varying humidity levels. The results indicate that the influence
of humidity is non-monotonic. At moderate humidity, current transmission efficiency is
improved and energy loss is minimized, leading to more stable electrical contact. However, as
humidity further increases, the formation of a water—oxide film on the contact surface leads to
higher average contact resistance and accumulated arc energy, thereby reducing electrical
stability. Under high humidity conditions (e.g., 90% RH), white deposits were observed on the
carbon surface, indicating the formation of oxide layers, as shown in Figure 6. The increase in
humidity was found to promote the electrochemical oxidation of metals. The electrochemical
reactions can be expressed as follows:

Cu+ H,O — CuO +2H" +2e” 4)

Under high humidity conditions, the coefficient of friction of current-carrying roller pairs was
observed to increase, and the adhesion caused by electrical current, along with the surface
friction induced by the current, was found to generate additional frictional forces. With the
increase in friction coefficient, the wear mechanism of the current-carrying roller pairs was
reported to transition from adhesive and sliding wear to fatigue wear (Song et al., 2021; Wu
et al., 2022c).

Figure 6. The surface morphology of the friction pair electrodes erosion under: (a) 30% RH; (b) 50% RH; (c)
70% RH; (d) 90% RH. Source(s): Li et al. (2025)
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Additionally, monsoon winds and turbulent airflow cause fluctuations in pantograph
contact force, increasing impact wear and uneven material loss. Low air pressure and strong
airflow were identified as having a significant impact on pantograph contact performance. Xu
etal. (2021) it was reported that when the PCS operated under low air pressure, the arc burning
time and arc root quenching time were observed to increase substantially, resulting in more
severe electrode wear. Air pressure was shown to have a significant effect on the oscillatory
behavior of the arc column. Dong et al. (2023) it was observed that when the air pressure
exceeded 2 kPa, the arc column exhibited substantial oscillations, with the lower part of the
column oscillating less than the upper part. Conversely, when the air pressure was below 2 kPa,
the arc was observed to be more stable.

In coastal regions, dissolved salts in water vapor and rain enhance electrochemical
corrosion, further accelerating wear. When combined with moisture films, these ions facilitate
the breakdown of passive oxide layers and accelerate electrochemical corrosion, significantly
increasing the corrosion rate of metals exposed to marine atmospheres (Daneshian, Hoche,
Knudsen, & Skilbred, 2023). It has been reported by Liu, Mao, and Li (2025) that the
performance of carbon contact strips under electrical contact conditions is affected by different
salt spray exposures. The results indicated that increasing the salt spray concentration
exacerbated pitting damage and increased surface roughness. The presence of elevated
chloride concentrations and prolonged wetness enhances localized corrosive reactions,
leading to more rapid material degradation under humid, salt-laden conditions.

Therefore, CS wear under Vietham’s environmental conditions occurs simultaneously
through multiple mechanisms electro-mechanical, chemical, and nonlinear mechanical
necessitating regular maintenance, the use of heat- and corrosion-resistant materials, and
optimization of contact force and pantograph vibration to extend service life and enhance the
reliability of the current collection system.

4. Methods for inspection and detection of CS abnormalities

Current methods for assessing CS wear are primarily based on direct measurement techniques.
This procedure requires skilled technicians to accurately identify the extent of wear, as
illustrated in Figure 7. After the train is brought into the depot and fully de-energized,
personnel must climb onto the roof and use specialized measurement instruments to determine
the CS thickness, locate worn areas, and evaluate material loss. While this approach is simple
and straightforward to implement, it is relatively complex in practice due to the need for power
shutdown and manual roof access. Furthermore, measurement results are highly influenced by
human factors, introducing potential errors in identifying the most worn regions. In addition,
this method only collects thickness values at discrete points, limiting the ability to accurately
assess the overall wear morphology of the entire CS surface (Lu, Liu, Li, & Shen, 2021).

Figure 7. Technicians measuring wear on the CS. Source(s): Lu et al. (2021)



Currently, CS scanning devices have been developed to overcome the limitations of Railway Sciences

discrete measurement data. These devices allow direct acquisition of the three-dimensional
geometry of the CS without requiring pre-defined reference points, enabling extraction of
detailed surface structural parameters. Additionally, indirect detection systems using
computer vision or laser technology can be installed at stations or along the track. As a
train passes, these systems automatically capture the geometric features of the CS and employ
image recognition and 3D reconstruction techniques to scan the surface, determine the
minimum remaining thickness, and assess the wear characteristics, as illustrated in Figure 8
(Yao, Xing, Sheng, & Chen, 2022).

Yang et al. (2024b) proposed a high-accuracy 3D imaging method for CS was proposed. A
color speckle pattern combined with an interferometric fringe sequence was projected onto the
CS surface, and the reflected patterns were captured by two cameras, as illustrated in Figure 9.
Experiments were conducted on a calibrated optical sphere, and a reconstruction error of
approximately 0.07 mm in radius was observed, demonstrating that shallow defects with a size
of about 1.0 mm could be detected and reconstructed. The reconstruction process was found to
remain stable under varying illumination conditions, with a maximum error of 1.25 mm.
Under optimal conditions, the mean reconstruction error was measured to be less than
0.25 mm, indicating that the method can reliably be applied for the inspection and condition
assessment of CS in practical operations. Karaduman and Akin (2020) developed a
convolutional neural network (CNN) architecture was developed to detect the wear level of
CS. Images of the CS were collected from real operations and were preprocessed using a
Power Law Transformation to enhance image quality prior to being input into the model.
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o "‘ -
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Figure 9. Setup of cameras and projector. Source(s): Yang et al. (2024b)
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Subsequently, a Hough Transform was applied to precisely identify the worn regions on the CS
surface. The dataset consisted of 909 preprocessed CS images, which were divided for training
and testing purposes. The results indicated that the proposed CNN model achieved a prediction
accuracy of 70.14%, outperforming two widely used CNN architectures, ResNet50 (59.42%)
and VGG16 (56.51%). These findings demonstrate that the proposed architecture is more
suitable and effective for classifying and recognizing different wear patterns of CS. Zhou et al.
(2024a) proposed a method combining CS anomaly detection based on the YOLOv8 model
with computer vision techniques, together with classical algorithms for intelligent defect
recognition, was proposed. The results showed that the algorithm achieved a recognition
accuracy exceeding 90%, with an average processing time of 12.32 ms per image. The
algorithm was found to perform effectively even under harsh environmental conditions.

Besides mechanical wear caused by friction, another issue that has received considerable
attention and severely affects the CS surface is electrical arcing. Electrical arcs can result in
carbon strip erosion, damage to the CL, and interruption of power supply, while also
generating interference in communication signals, which directly impacts train operation and
poses a threat to operational safety.

Wei et al. (2025) developed a method for detecting electrical arcs was proposed based on a
combination of machine learning, current signals, and electromagnetic radiation. First, arc
data were collected using a pantograph—contact line arc simulation platform integrated with
custom sensors. Next, the Ensemble Empirical Mode Decomposition (EMD) method was
applied to decompose both the current and electromagnetic radiation signals. Subsequently,
key features highly correlated with the arc state were selected through a rolling time-window
combined with an improved F-score algorithm, significantly reducing feature redundancy and
enhancing model robustness. Then, three different optimization algorithms were compared for
application to the Support Vector Machine (SVM) model, with the Grey Wolf Optimizer
(GWO) combined with SVM being identified as optimal. Finally, the dual-information
approach — Ensemble EMD - improved F-score — GWO — SVM achieved an accuracy of
97.65% and an error of 2.53% in detecting electrical arcs. An experimental dataset based on the
pantograph—contact line platform was established in combination with a finite element method
(FEM) model built on magnetohydrodynamics (MHD). Meanwhile, arc erosion images were
captured using an electron microscope to analyze the arc discharge phenomenon (Pan et al.,
2025). The results indicated that during pantograph raising, the reduction of the gap and
narrowing of the arc column caused the heat flux to concentrate strongly at the contact point,
resulting in a maximum temperature of 3550 K on the CL and 4290 K on the CS, forming a
“deep and narrow” molten pool with a depth more than 80% greater than that observed during
lowering, increasing the risk of material damage due to thermal and stress concentration.
Conversely, during pantograph lowering, the increased gap led to a more dispersed heat flux
and reduced temperature, forming a “shallow and wide” molten pool with weaker evaporation
but more pronounced spattering, which accelerated material wear. Marangoni effects and
vortices within the molten pool facilitated more uniform heat distribution but also caused
surface instabilities, further exacerbating damage. In addition, the arc discharge velocity
significantly influenced the molten pool morphology, with higher velocities causing pool
contraction and reduced heat flux density. Yang et al. (2024a) established electromagnetic
interference caused by arc discharge under high voltage and current conditions was
investigated, as illustrated in Figure 10. The results indicated that the electric field spectrum
exhibited radiated interference in the range of 30-125 MHz, with amplitudes varying from 60
dBpV/m to 123 dBpV/m. When the supply voltage increased from 20% of Umax to 80% of
Umayx, the radiation intensity at 125 MHz was observed to increase by approximately 10 dB.

5. Open issues and future research directions
Despite significant advances in understanding the wear mechanisms and material optimization
of pantograph contact strips, several challenges remain that require further investigation. First,



Figure 10. Arc phenomenon between the CL and pantograph. Seurce(s): Yang et al. (2024b)

the complex interplay between mechanical, electrical, and thermo-mechanical factors under
high-speed operation is not yet fully quantified. Existing wear models, while capable of
capturing individual mechanisms such as adhesive, abrasive, and fatigue wear, often fail to
predict coupled electro-mechanical degradation under variable environmental and operational
conditions. Future studies should focus on developing multi-physics models that integrate
mechanical contact, arc-induced thermal effects, and dynamic pantograph behavior to
accurately simulate real-world wear patterns.

Second, although material innovations such as metal-impregnated carbon and fiber-
reinforced composites have demonstrated improved wear resistance, conductivity, and impact
tolerance, their long-term performance under fluctuating current loads and extreme
environmental conditions remains underexplored. The effects of high humidity, salt-laden
atmospheres, temperature cycling, and airborne particulates on composite microstructure,
metal impregnation stability, and arc erosion require systematic experimental validation.
Research into novel hybrid materials with self-lubricating and arc-resistant properties could
further enhance the durability of contact strips.

Third, the monitoring and predictive maintenance of pantograph systems remain
constrained by limitations in sensing technologies and data analytics. While optical
scanning, 3D imaging, and machine learning-based approaches have enabled more accurate
and automated wear detection, the real-time prediction of imminent failures is still
challenging, particularly under high-speed and high-current operating conditions. Future
work should integrate high-resolution sensor data, advanced computer vision, and deep
learning frameworks for real-time, predictive assessment of contact strip health. In addition,
the fusion of electrical, thermal, and mechanical signals may improve the reliability of fault
detection algorithms, especially for detecting arc erosion and early-stage micro-cracking.

Finally, the influence of pantograph design, catenary geometry, and operational control
strategies on wear evolution is not fully exploited. Optimizing pantograph stiffness, damping,
and contact force regulation in conjunction with real-time environmental feedback could
mitigate both mechanical and electro-mechanical wear. Moreover, the development of
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adaptive catenary systems or self-optimizing pantographs may allow the dynamic distribution
of contact stress, reducing localized degradation and extending component lifetime.

Future research should adopt an integrated approach combining material science, tribology,
electromagnetism, environmental effects, and intelligent monitoring. Such efforts will
facilitate the design of more durable, reliable, and high-performance PCS, meeting the
demands of next-generation high-speed rail networks.

6. Conclusion

With the increasing operating speeds of trains, issues such as unstable contact between the
pantograph and the CL, wire oscillations, and abnormal wear have become more prominent,
leading to poorer current quality. Therefore, research on electric-current-induced wear in
pantograph systems has emerged as a critical direction to clarify wear mechanisms,
progression patterns, and to improve contact quality while reducing abnormal wear. This
research holds significant technical importance, contributing to enhanced operational safety
and reduced maintenance costs. The CS and CL form a typical wear pair influenced by
multiple factors, including pantograph parameters, train speed, operating environment,
structure, and material. Wear of the CS can be classified by mechanism into mechanical wear,
electrical wear, and electro-mechanical wear, with each mechanism contributing differently
depending on operating conditions. The CS materials have evolved from pure metals, pure
carbon, powder metallurgy, and metal-impregnated carbon to advanced composites. Among
these, carbon/carbon composites stand out due to their wear resistance, thermal stability, and
industrial manufacturing potential. In the future, the development of new materials aligned
with sustainable practices and the utilization of available resources is expected to enhance self-
lubrication, resistance to wear and arcing, as well as current collection efficiency and dynamic
stability. Research and optimization of CS materials, combined with CL system design,
represent a key direction to ensure efficient power transmission, extended service life, and
operational safety for future electrified high-speed train systems.
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