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Abstract

The pantograph–catenary system (PCS) is a critical component through which electrified

railway trains obtain electrical energy, and the current-carrying friction and wear behav‐

ior at the pantograph–catenary interface directly affect current collection quality and op‐

erational safety. Water environments, particularly icing conditions, may induce contact

instability, arc ablation, and abnormal wear. Therefore, this paper provides a compre‐

hensive review of research progress on the current-carrying friction and wear behavior

of C/Cu contact pairs under water environments. It focuses on the interfacial evolution

characteristics under three different phase states of water and analyzes their influence

mechanisms on lubrication conditions, current transmission, and wear behavior. Typical

protection strategies, including speed restriction, mechanical de-icing, thermal de-icing,

and anti-icing measures, are summarized, and their applicability and current develop‐

ment status are discussed. Finally, it is suggested that future research should focus on

the development of high-performance carbon strip materials, accurate monitoring of ice

morphology and types, and efficient hybrid anti-/de-icing technologies, thereby ensur‐

ing the reliable operation of high-speed railways under icing conditions.

Keywords: high-speed railway; pantograph current collection; arc ablation; de-icing;

anti-icing

1. Introduction

High-speed railways, as the main arteries of the national economy and a mass trans‐

portation mode, play an important role in socio-economic development [1]. As the core

component for power transmission in high-speed railways, the PCS transmits electrical

energy through C-Cu sliding electrical contacts, which is the only route for energy trans‐

mission in trains [2–4] (shown in Figure 1a). However, due to the long-term operation of

the PCS in open and complex environments, abnormal wear phenomena such as

spalling of the pantograph contact strip, dense arc ablation pits, and uneven wear fre‐

quently occur [5,6]. These issues lead to significant degradation in the service perfor‐

mance and lifespan of the strips [7,8]. Therefore, to ensure the safety and stability of en‐

ergy transmission in high-speed railway systems, studying the friction and wear behav‐

ior of C–Cu materials has become an important topic [9,10].
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Figure 1. (a) High-speed railway PCSs; (b) abnormal wear in humid/rainy environments; (c) dam‐

age in icing environment.

At present, research on the current wear of C-Cu pairs mainly focuses on the effects

of operating conditions such as current [11], load [12,13], and speed [14,15]. However, in

recent years, the pantograph carbon strip has frequently exhibited seasonal abnormal

wear. This indicates that dynamic changes in external service environments, such as

temperature and humidity, have become a key factor affecting the current-carrying fric‐

tion and wear characteristics of PCSs [16–20]. Additionally, during daily operations,

high-speed railways often face alternating environmental conditions such as high tem‐

peratures, low temperatures, and rainfall. These factors directly or indirectly alter the

contact conditions on the friction surfaces, ultimately impacting their tribological

behavior.

Distinct from other environmental factors, water can exist in three forms, gaseous,

liquid, and solid, under different service conditions. It can also exist as a third-phase

medium within the contact pair, thereby affecting current-carrying friction and wear

characteristics [21–23]. In humid and rainy environments, due to the porous structure of

the carbon contact strip material, water molecules adsorb onto the material’s surface and

preferentially accumulate at surface asperities. This leads to a change in the lubrication

state at the contact interface. Practical operating experience has shown that during rain‐

fall, the carbon strip exhibits abnormal wear and frequent failures. Its wear rate can be

several to dozens of times higher than under normal conditions. Wear at this accelerated

rate may lead to increased replacement frequency and a sharp rise in maintenance costs

[24] (shown in Figure 1b). However, compared to gaseous and liquid water environ‐

ments, the hazards of icing conditions on the catenary system are more prominent, when

the ambient temperature falls below 0 °C, water molecules undergo a phase change, and

ice layers are prone to forming on the surface of the contact wire. As a third-phase

medium on the contact interface, the ice layer significantly hinders current transmission,

easily inducing electrical arcs, leading to deterioration of the pantograph–catenary elec‐

trical contact state [25]. In addition, during high-speed operation, irregular icing on the

contact wire exerts a strong tangential impact on the pantograph strip. This impact

causes severe pantograph–catenary vibration. In extreme cases, it can even lead to frac‐

ture of the carbon strip [26] (shown in Figure 1c). Such failures are highly destructive

and pose a serious threat to the safe and stable operation of high-speed railways. Taking

the Chinese Spring Festival travel rush from winter 2023 to 2024 as an example, 15 prov‐
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2. Influence of Water Environments on Current-Carrying Friction for
C/Cu Contact Pairs

2.1. Influence of Liquid Water (Rainfall) on Current-Carrying Friction for C/Cu Contact Pairs

inces including Northeast, North, Central, and East China experienced extreme icing

weather such as ice, snow, and freezing rain. For example, freezing rain in Hubei caused

severe icing of the overhead contact system, forcing a large number of trains to travel at

a slow speed. Some areas even experienced power outages and were forced to use diesel

locomotives to provide power (shown in Figure 2), which had a significant adverse im‐

pact on railway transport operations and passenger mobility.

Figure 2. A typical situation of severe icing on the contact network in Hubei during the 2024

Spring Festival travel rush.

Against the backdrop of global climate change, extreme precipitation, freezing rain,

and low-temperature icing events are becoming regionally more frequent and more in‐

tense, making the issues of rain/icing-induced disasters in high-speed railways increas‐

ingly prominent. Therefore, conducting research on the friction and wear behavior of

PCSs under different phase states, revealing the inherent relationship between the dam‐

age of the third-phase medium and the current carrying friction pair materials, can help

ensure the safe and stable operation of high-speed railways in water environments.

Based on the above research background, this paper conducts a literature review fo‐

cusing on the “high-speed railway pantograph–catenary system—C/Cu contact pair—

current-carrying friction and wear—icing/humidity/rainfall environments—response

measures”. The research progress on current-carrying friction and wear of PCSs under

icing conditions is comprehensively summarized. Taking water as a third-phase interfa‐

cial medium, this paper investigates the effects of water in different phase states on in‐

terfacial lubrication and arc ablation in pantograph–catenary systems and further reveals

the interfacial damage mechanisms involving the participation of the third-phase

medium. In view of the existing challenges, existing anti-icing and de-icing technologies

are summarized, the current technical bottlenecks are identified, and future key research

directions are discussed. This review provides theoretical guidance and technical sup‐

port for further improving the wear resistance and safety of PCSs in icing environments.

Rainfall has a significant dual effect on C/Cu contact pairs. On the one hand, rain‐

water can reduce wear through cooling and lubrication, as well as by promoting the for‐

mation of oxide films. Matsuyama Shinsaku et al. simulated the operating conditions of

a PCS in rainy weather by means of water spraying. They found that during current

flow, the heat vaporizes the rainwater, carrying away a significant amount of Joule heat.

This reduces the wear of the pantograph strip [27]. Jia Junhong et al. found that by drip‐

ping distilled water at a rate of 65–70 drops per minute onto the surface of copper

graphite materials, the degree of material wear was reduced. This is due to the cooling
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effect of water, which leads to a decrease in surface temperature and is beneficial for re‐

ducing or inhibiting adhesion transfer [28].

On the other hand, the water film formed by rainwater at the contact interface can

reduce current collection stability, especially under high-current or high-rainfall condi‐

tions; the cooling and lubricating effects of rainwater are weakened, while arc ablation

becomes more pronounced. Hu Daochun et al. pointed out that although water lubrica‐

tion can reduce mechanical wear, it will increase arc ablation on the contact surface [29].

Wang et al. [30] used the immersion method and found that the addition of electric cur‐

rent would accelerate the failure of water lubrication and cooling effects, thereby exacer‐

bating wear. Meanwhile, abnormal wear of the carbon strip occurs when the current ex‐

ceeds 60 A, mainly due to the intensification of discharge erosion [31]. Gao et al. used the

spray method to simulate actual rainfall conditions. The distribution of the interface wa‐

ter film with increasing rainfall levels is shown in Figure 3 [32]. They found that water

preferentially accumulates on the roughness of the contact surface, forming a water film

(shown in Figure 3a). When the rainfall is low, a very thin water film can be formed on

the contact surface to protect the interface. At the same time, the number of current

transmission channels increases, improving the current transmission capacity (shown in

Figure 3b). However, when the water film is too thick, it will seriously hinder the con‐

duction of current and deteriorate the quality of current collection (shown in Figure 3c).

Especially under high-current conditions, the carbon strip experiences abnormal wear,

accompanied by frequent arc discharge [33].

Figure 3. Schematic diagram of interface water film distribution under different rainfall levels (a–

c). Reproduced with permission from Ref. [31], Coatings 2022.

A rainfall environment can rapidly generate a visible water film or even localized

water accumulation at the contact interface, thereby directly altering the real contact

area, current conduction pathways, and interfacial thermal state. Under thin-water-film

conditions, rainwater can provide certain cooling and lubricating effects, thus reducing
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2.2. Influence of Gaseous Water (Humidity) on Current-Carrying Friction for C/Cu Contact

Pairs

mechanical wear. However, under thick-water-film and high-current conditions, the con‐

ductive pathways are prone to constriction, leading to increased contact resistance and

arc energy, which further intensifies electrical discharge erosion and delamination wear.

In addition, an increase in current further enhances the arc discharge effect.

The relative humidity method is mainly used to simulate high-humidity areas such

as tunnels and coastal regions. The influence of humidity on strip wear is mainly re‐

flected in the formation of surface oxide films and abrasive particles. As the number of

water vapor molecules in the environment gradually increases, a more complete surface

oxide film is formed, thereby lubricating and protecting the surface [34].

Zhou et al. found that under low humidity, the contact interface lacks sufficient ad‐

sorption of water molecules, causing the friction pair to approach a dry-friction state. As

a result, the interfacial lubrication effect is weakened, while abrasive wear and arc abla‐

tion become more pronounced, leading to significant increases in both electrical and me‐

chanical wear of the material and ultimately resulting in greater wear of the contact strip

[35,36]. Moreover, the capillary force of water will cause the friction coefficient to in‐

crease with the increase in relative humidity and the contact resistance to increase with

the increase in the spreading area of graphite on the contact surface [37].

Under moderate humidity conditions, water molecules in the air can lubricate con‐

tact surfaces, thereby reducing the friction coefficient between pairs and minimizing the

detachment of strip materials [36]. Meanwhile, water vapor molecules help to reduce the

surface energy of graphite, decrease the adhesion between contact areas, and reduce fric‐

tion and wear. In addition, water molecules can act as a catalyst to facilitate the forma‐

tion of a lubricating Cu O protective layer, which protects the interface and reduces

wear [38,39]. The water film attached to the contact pair improves the contact condition

and enhances heat dissipation, resulting in lower arc energy and a smaller temperature

rise in the pantograph strip compared to low-humidity environments. In light of the crit‐

ical influence of humidity on wear, Zeng proposed optimizing operational parameters to

mitigate strip wear. Specifically, to account for seasonal variations, pantograph pressure

should be appropriately increased in high-humidity summer conditions, while train

speed should be reduced during low-humidity winter periods [40].

2

When the humidity increases further, the effect of water molecules on the panto‐

graph–catenary interface shifts from wear reduction to wear promotion. Ouyang et al.

discovered that above 70% relative humidity, water molecules promote the formation of

brittle compounds like Cu(OH)  and Cu (OH) CO . These compounds fracture readily,

thereby hindering continuous lubricant film formation and accelerating abrasive wear

[39]. In parallel, the passivation effect of water molecules enhances interlayer slip within

the carbon, facilitating its delamination and transfer to the copper surface. This synergy

causes a marked rise in carbon strip wear with increasing humidity [41]. Li et al. identi‐

fied an optimal humidity of approximately 55% for minimizing adhesive wear in C/Cu

friction pairs. Under this condition, the carbon contact strip also achieves stable electrical

contact performance and low wear rates. However, under a high current, the influence of

humidity on the friction coefficient weakens, and the increase in Joule heat and tempera‐

ture makes it difficult to form a water film, disrupting the original balance and high‐

lighting the wear phenomenon [42].

2 2 2 3

Additionally, the study by Li et al. shows that the cumulative arc energy and the av‐

erage contact resistance are positively correlated with relative humidity [43].

Furthermore, due to arc ablation and splattered molten copper particles, the carbon sur‐
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2.3. Influence of Solid-Phase Water (Icing) on Current-Carrying Friction for C/Cu Contact Pairs

face is prone to the formation of ablation pits, exhibiting significant abrasive wear char‐

acteristics [44]. As the relative humidity increases, the duration of the arc will decrease.

This is due to the increased thermal conductivity of air at higher relative humidity,

which leads to increased cooling of the arc plasma and earlier arc collapse [45].

In summary, the effect of humidity can be summarized into three stages. First, un‐

der low-humidity conditions, insufficiently adsorbed water and protective surface films

at the interface make adhesive wear and abrasive wear more likely to dominate. Second,

under moderate-humidity conditions, an appropriate water film, carbon transfer film,

and copper oxide film may act synergistically, thereby reducing mechanical damage and

material delamination. Third, under excessively high-humidity or high-current condi‐

tions, a continuous water film may hinder the formation of stable conductive pathways

and promote the generation of carbon layer peeling, causing arc ablation to become the

dominant damage mode again.

In addition, the differences in humidity-dependent trends among different studies

are not merely attributable to variations in the definitions of “high humidity” or “low

humidity”. More importantly, factors such as material composition, sliding speed, con‐

tact pressure, and experimental geometry jointly alter the formation–breakdown equilib‐

rium of the water film, thereby leading to transitions in the wear mechanisms.

Icing is a natural physical phenomenon. It is highly dependent on ambient meteoro‐

logical conditions, such as temperature, humidity, and wind speed. The main icing types

include snow, hoarfrost, mixed rime, and glaze ice [46–49]. Table 1 presents the forma‐

tion conditions and characteristics of different icing types. Among them, glaze ice cover

is difficult to remove due to its high hardness and strong adhesion, making it the main

type of ice cover that causes serious faults in overhead contact systems. Moreover, under

the influence of environmental factors, ice accretion on overhead contact wires exhibits

diverse morphologies, including irregular ice shapes such as crescent-shaped, icicle-

shaped, and fan-shaped accretions (shown in Figure 4). These asymmetric icing mor‐

phologies can alter the local geometric profile of the contact wire, intensify impact and

vibration during pantograph–catenary interaction, and further affect current collection

stability.

Table 1. Types and characteristics of catenary icing.

Icing Type
Temperature

(°C)

Wind Speed

(m/s)

Density

(g/cm )3
Adhesion Force

Snow <0 <1 0.2 ~ 0.4 Negligible

Hoarfrost −16 ~ −10 1 ~ 3 0.1 ~ 0.3 Weak

Mixed Rime −8 ~ −3 2 ~ 8 0.3 ~ 0.8 Strong

Glaze Ice −4 ~ 0 3 ~ 15 0.7 ~ 0.9 Tenacious

Figure 4. Icing morphology of the overhead contact line.
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According to a report by Bombardier in Sweden, the replacement number of carbon

strips in winter is approximately 9–10 times that in summer [50]. At the same time, there

is a significant seasonal difference in the proportion of mechanical wear and electro‐

chemical wear of carbon strips. In winter, electrochemical wear is the main source, and

the lower the temperature and the higher the humidity, the greater the proportion of

electrochemical wear. In the Shenyang section of China, glaze ice accretion tends to form

icicles on the contact wire, and electric locomotives often experience arc phenomena up

to half a meter high when passing through. The wear of carbon strips far exceeds the an‐

nual cumulative wear under normal working conditions. Therefore, the PCS under icing

conditions must be given high priority.

At present, there is relatively little research on the current-carrying friction and

wear of PCSs under icing conditions. Existing studies have shown that icing on the cate‐

nary can alter its geometric morphology and stress state, thereby aggravating the wear

of the contact strip and copper contact wire. Yao et al. pointed out that at low tempera‐

tures, the irregular ice layer formed on the surface of the contact wire will exacerbate the

mechanical and electrical wear of the pantograph carbon strip. Especially at high train

speeds, the thicker the ice layer, the lower the quality of current transmission in the PCS

[51]. Li Zhihao found that low temperatures lead to decreased hardness in the contact

materials. This reduction in hardness resulted in lamellar spalling on the carbon strip

surface, accelerated wear, and the formation of severe ablation pits [52]. Shen et al. found

that at low temperatures, the strong plowing action of copper on carbon materials re‐

duces copper transfer, leading to increased wear of carbon materials. And the insulating

effect of ice water at low temperatures slows down the occurrence of oxidation reactions

[44]. Duan Fuchuan et al. found that when the thickness of the ice layer reaches 10 mm,

the maximum contact pressure increases, making it easier to trigger fatigue damage

along the contact line. This leads to excessive wear on the contact line and pantograph

head, ultimately causing pantograph–catenary accidents [53].

At the same time, icing can reduce the stability of current transmission in the PCS,

primarily because the electrical conductivity of ice is much lower than that of the copper

contact wire. When the ice layer acts as a third-phase interfacial medium, it increases the

contact resistance and induces pronounced fluctuations, thereby increasing the risk of

contact loss and pantograph–catenary arcing. Related studies have shown that, under ic‐

ing conditions, the hazards of pantograph–catenary arcs and their electromagnetic inter‐

ference effects become more pronounced [54]. Li Yunda and Xing Licheng found that a

thicker ice layer on the contact surface leads to a higher probability of pantograph–cate‐

nary arcing, with accompanying arc ablation to both the contact wire and carbon strip

becoming increasingly severe [55,56]. Guo et al. studied the thermal effect of electric arcs

on contact wire ice layers. They found that electric arcs cannot completely melt the ice

layer, but under icing conditions, the thermal erosion of the contact wire by electric arcs

is more severe [57].

The primary wear mechanisms and interfacial evolution behaviors of the C/Cu con‐

tact pair under dry, humid, rainfall, and icing conditions are summarized in Table 2.

Table 2. Mechanisms of action under different water-phase environments.

Conditions Main Wear Mechanisms Interfacial Evolution Behaviors

Dry conditions
Dominated by mechanical

wear and oxidative wear

Dominated by direct contact between

solid asperities; slight arc ablation under

local contact loss

Humid conditions Dominated by adhesive wear

and abrasive wear

Adsorbed water layer modifies

lubrication; transition toward solid–
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3. Response Measures

3.1. Speed Limit

Conditions Main Wear Mechanisms Interfacial Evolution Behaviors

liquid mixed friction

Rainfall conditions Dominated by arc ablation

The friction behavior eventually shifts to

liquid friction, accompanied by

significantly intensified arc ablation

Icing conditions

Dominated by arc ablation,

low-temperature brittle

cracking, and mechanical

scraping by the ice layer

Ice layer separates the C/Cu interface,

causing discontinuous current collection

and frequent contact-loss discharge

In PCSs, good interfacial contact is essential for ensuring a stable energy supply to

trains. However, as discussed in Section 2, water in different phase states, especially un‐

der icing conditions, can significantly deteriorate the interfacial state of C/Cu contact

pairs. This may induce contact resistance fluctuations, contact loss and arcing, and me‐

chanical impact damage, thereby threatening the safe and stable operation of high-speed

railways. Therefore, to minimize the operational risks of high-speed railways in different

water-phase environments, numerous scholars have conducted a series of studies. At

present, the response measures mainly include speed limit operations and anti-icing/de-

icing technologies. The ultimate goal is to restore and maintain a relatively “healthy” tri‐

bological interface of the PCS, thereby ensuring the safe and stable operation of trains.

Rainfall will reduce visibility, especially when the hourly rainfall reaches the stan‐

dard level of rainstorm, and the view outside the vehicle is severely limited, which seri‐

ously affects the normal operation. Therefore, based on the impact of rainfall on the op‐

eration of high-speed railways, China State Railway Group Co., Ltd. has established cor‐

responding defense levels (shown in Table 3). And according to the regulations of

Japan’s Shinkansen, when the hourly precipitation exceeds 25 mm, trains are required to

enter a state of vigilance; when hourly precipitation reaches 40–45 mm, train speed must

be limited to 170 km/h [58].

Table 3. Classification of the impact of rainfall (1 h rainfall R) on the operation of high-speed

railways.

Classification Criteria Defense Measures Defense State

R < 20 mm Normal operation Normal operation

20 mm ≤ R < 45 mm
Suggested train speed ≤ 200

km/h
Vigilance State

45 mm ≤ R < 60 mm
Suggested train speed ≤ 160

km/h
Warning State

R ≥ 60 mm
Suggested train speed ≤ 80

km/h
Critical State

The impact of freezing rain on high-speed railway operations is primarily assessed

by the diameter of ice accumulation on power lines (with a bare wire diameter of 26.8

mm), as shown in Table 4 [59]. However, the applicable scope of this speed restriction

standard remains insufficiently defined. Therefore, Yang et al. proposed a contact line ic‐

ing system model and found that when the ice layer thickness is too large and the train

speed is too high, the quality of current transmission will significantly decrease. Based
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3.2. Anti-Icing/De-Icing Technology

on this, they also determined the maximum allowable ice thickness for the overhead

contact system at different train speeds: when the train speed is 350 km/h, 330 km/h, 280

km/h, and 260 km/h, the maximum allowable ice thickness for the overhead contact sys‐

tem is 4 mm, 8 mm, 12 mm, and 16 mm, respectively [60].

Table 4. Classification of impact of freezing rain (wire icing diameter D) on high-speed railway

operation.

Classification Criteria Defense Measures Defense State

D < 37 mm Normal operation Normal operation

37 mm ≤ D < 47 mm
Suggested train speed ≤ 200

km/h
Vigilance State

47 mm ≤ D < 67 mm
Suggested train speed ≤ 160

km/h
Warning State

67 mm ≤ D < 87 mm
Suggested train speed ≤ 80

km/h
Critical State

D ≥ 87 mm
Suggest stopping the train

operation
Line Closure

Although speed-limited operation can alleviate icing-induced damage to the inter‐

face to some extent, it is a typical passive control measure and cannot fundamentally

eliminate the influence of ice accretion on the PCS. Moreover, under extreme icing disas‐

ters, relying solely on speed-limited operation not only makes it difficult to ensure the

rapid recovery of the catenary state, but also significantly reduces line transportation ef‐

ficiency. Therefore, the development of efficient and reliable catenary anti-icing/de-icing

technologies is an important approach to improving the safety and resilience of high-

speed railway operation in winter. Existing catenary anti-icing/de-icing technologies can

generally be classified into three categories: mechanical de-icing, electrothermal de-icing,

and active anti-icing. To clarify the applicability boundaries and engineering limitations

of different technologies, this section comprehensively reviews these technologies from

three aspects: action mechanisms, engineering applicability, and key limitations.

(1)  Mechanical De-Icing

Mechanical de-icing is currently one of the most widely used and relatively straight‐

forward de-icing methods in railway field applications. It mainly relies on external im‐

pact, scraping, or vibration to disrupt the adhesion between the ice layer and the contact

wire, causing the ice layer to crack, detach, and fall off.

Currently, railway departments commonly adopt manual de-icing methods to ad‐

dress icing on contact lines [61,62] (shown in Figure 5). Workers apply impact and pry‐

ing force to ice-covered sections using tools such as crowbars and hammers, causing the

ice layer to fracture, detach, and fall off. Although this method is simple and direct, it re‐

quires a large amount of manpower, and the de-icing process is time-consuming, ineffi‐

cient, and poses a high safety risk. Especially under extreme ice disasters, secondary ic‐

ing on the catenary system evolves at an extremely rapid rate. Manual de-icing can

hardly keep pace with ice accumulation, leading to a short-lived de-icing effect and ex‐

posing workers to high-risk operating conditions. Therefore, this method is only applica‐

ble to short-distance lines with light icing.
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Figure 5. Manual de-icing M=method.

The hot-sliding de-icing method is another mechanical de-icing approach with prac‐

tical engineering applications, typically used when ice accretion on the catenary reaches

a certain thickness. This method uses copper-based pantograph strips (shown in

Figure 6), fully utilizing their high mechanical strength and impact resistance. They slide

along the contact network through an inertial operation mode, and use the friction be‐

tween the pantograph strip and the contact wire to achieve mechanical scraping of icing

[63]. At present, this method has been widely applied on multiple lines, such as the

Hanyi Line and the Hewu Line. Field experience demonstrates that it has good de-icing

effects under moderate-to-mild icing conditions. However, when encountering glazed ic‐

ing with strong adhesion, its de-icing efficiency significantly decreases. Additionally, if

parameters are not properly controlled, it may cause a certain degree of mechanical

damage to the contact wire. Consequently, these drawbacks limit the engineering appli‐

cation of this technology in large-scale, strongly adhesive icing scenarios.

Figure 6. Hot-sliding de-icing method.
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In addition, to improve the de-icing efficiency and adaptability of mechanical de-ic‐

ing technologies, recent studies have introduced vibration de-icing methods, which re‐

duce the adhesion strength of the ice layer and promote its detachment by adjusting the

vibration frequency, amplitude, and loading position. Based on an Ansys finite element

model, Gao Xiaojie conducted a simulation of the de-icing process via contact network

vibration under impact loading. The results revealed that applying a step load is more

conducive to de-icing under identical conditions, thereby validating the effectiveness of

mechanical vibration de-icing [64]. Wu Lei et al. further revealed the influence of vibra‐

tion parameters on de-icing effectiveness. Their research found that the loading point,

load magnitude, and ice thickness all impact the de-icing result, leading to the identifica‐

tion of the optimal loading pattern [65]. This further expands the applicability of me‐

chanical de-icing.

(2)  Electrothermal De-Icing

Electrothermal de-icing technology uses Joule heating generated by current on the

contact network impedance to heat the wire and melt the ice coating [66]. It can be

specifically divided into DC de-icing and AC de-icing.

DC de-icing adopts the short-circuit method to connect the upstream and down‐

stream power supply arms, forming a closed circuit (shown in Figure 7). Based on the

27.5 kV AC power output from the transformer in the traction substation, it is converted

into DC power through a DC de-icing device to achieve de-icing [67]. However, tradi‐

tional DC devices have problems such as a large volume, high harmonic content, and

low utilization rate during operation. Therefore, Ban proposed a control method for a

modular multilevel DC de-icing device based on SVG. This control method can not only

achieve highly reliable DC de-icing for ice-covered lines but also provide dynamic reac‐

tive power compensation, stabilize grid voltage, and significantly improve the utilization

rate of the device [68]. Jing Huabing proposed a method that employs cascaded power

units to elevate the output voltage and utilizes IGBT-based multi-quadrant rectification.

This enables effective rectification while enhancing the grid-side power quality. And the

output voltage of the ice melting current is stable, the input harmonic content is low, and

it has little impact on the power grid, which can be effectively applied to engineering

practice [69].

Figure 7. DC de-icing technology for overhead contact lines. Reproduced with permission from

Ref. [66], J. China Railw. Soc. 2025.

AC de-icing utilizes AC power sources with voltage levels below 35 kV in substa‐

tions, and a melting circuit is formed by connecting upstream and downstream contact

lines in series. We can adjust the impedance of the melting circuit as needed, control the

short-circuit current on the contact wire within the allowable range, and make the ice

melt and fall off (shown in Figure 8). Li Gang discovered that the resistor current-limit‐
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ing solution can not only achieve offline ice melting but also enable online ice prevention

while ensuring the safe operation of the locomotive, without reducing the power factor.

It is an ideal ice melting solution [70]. In the late 20th century, McCurdy J D proposed

the high-frequency ice melting method. This technique utilizes the dielectric heating ef‐

fect of ice under a high-frequency alternating electric field to generate heat directly,

while the strong skin effect causes the current to concentrate on the surface of the wire,

preventing heat loss inside the wire. Xiong Qiang found that the high-frequency ice

melting method has higher energy utilization efficiency than the traditional AC short-

circuit method, and its critical current is relatively small and the ice melting time is short

[71].

Figure 8. AC de-icing technology for overhead contact lines. Reproduced with permission from

Ref. [66], J. China Railw. Soc. 2025.

In addition, Japan proposed a method of embedding heating wires inside the con‐

tact wire for de-icing (shown in Figure 9). By leveraging the high-resistance characteris‐

tic of the built-in heating wires, heat is generated by applying current to them, thereby

achieving the ice melting effect. However, this method faces challenges such as high

manufacturing costs, limited practical effectiveness, and difficult maintenance [].

Figure 9. Japanese built-in resistance wire de-icing.

(3)  Anti-Icing Technology
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Compared to de-icing techniques, the most ideal approach to solve the problem of

icing on the overhead contact system is anti-icing. This method aims to prevent ice for‐

mation by disrupting the conditions required for ice accumulation, thereby achieving

the goal of maintaining ice-free conditions. At present, effective anti-icing methods

mainly include electric thermal anti-icing, chemical agents, and material coating anti-

icing.

Electrothermal anti-icing can be regarded as an earlier-stage application of elec‐

trothermal de-icing technology in which a critical current is applied before or during the

initial stage of ice accretion to keep the contact wire surface temperature above 0 °C. This

disrupts the conditions required for ice formation on the catenary and thereby prevents

icing [72] (shown in Figure 10). Li Qunzhan proposed a power-frequency online anti-ic‐

ing scheme for the electrified railway based on SVG. By regulating the SVG, the current

in the contact wire is increased to prevent ice formation. This system can provide suffi‐

cient anti-icing current without stopping and ensure the stability of the traction network

voltage [73–75]. Fritjof et al. proposed an anti-icing method based on resistance heating.

The heating coefficient can more accurately predict the temperature changes of the con‐

tact network, avoiding damage to the contact network components caused by excessive

or insufficient current [76].

Figure 10. Principle of anti-icing using reactive current. Reproduced with permission from Ref.

[66], J. China Railw. Soc. 2025.

The Fraunhofer Institute in Germany has successfully implemented the chemical

agent method on work vehicles. This technique primarily utilizes a spraying device in‐

stalled on the pantograph to apply an anti-icing agent onto the contact wire, thereby pre‐

venting ice accumulation on it. However, due to frequent friction between the PCS, the

anti-icing coating is easily damaged and has limited timeliness. At the same time, chemi‐

cal agents can also cause pollution to the surrounding population and environment.

Therefore, this method is more suitable as a localized, short-term auxiliary measure than

as a primary solution for long-term catenary anti-icing [77].

Anti-icing technology mainly utilizes low-surface-energy or high-lubricity anti-icing

materials to reduce the adhesion strength of the object surface, delay the icing time, and

thus reduce the adhesion of ice layers. At present, most anti-icing coatings use hy‐

drophobic materials, which usually do not have good conductivity. Therefore, they may

seriously affect the energy transmission efficiency of the PCS and be difficult to apply.

However, in recent years, carbon fibers and carbon nanomaterials have shown broad ap‐
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plication prospects in the field of anti-icing due to their excellent conductivity, thermal

conductivity, and good compatibility with composite materials [78]. Raji et al. developed

an epoxy resin coating material filled with graphene nanoribbons and applied it to heli‐

copter rotor blades. The study found that at −20 °C with a power density of 0.5 W/cm ,

this coating could effectively remove ice layers with a thickness of 1 cm [79], and at the

same time, an input power of 0.3 kW/m  can achieve effective anti-icing at −15 °C [80].

Yao et al. prepared highly ordered carbon nanotube (CNT) mesh electrothermal compo‐

nents using a spinning method, conferring the advantages of rapid heating and uniform

temperature distribution. In the de-icing test, a laminated board containing 40 layers of

CNT mesh was able to remove surface ice within 15 s at an input power of 4.9 kW/m

[81].

2

2

2

However, during train operation, the frequent sliding contact between the panto‐

graph and the contact wire surface caused the anti-icing coating to be easily damaged,

making it difficult to sustain the anti-icing effect. Therefore, we developed a composite

strip material based on carbon fiber/carbon nanotubes, so that the carbon powder trans‐

ferred during the friction process rapidly heats up when electrified, maintaining the con‐

tact wire surface temperature above 0 °C and achieving anti-icing. This phenomenon in‐

dicates that developing carbon-based composite contact strip materials with integrated

electrical conductivity, wear resistance, and anti-icing functionality may be more engi‐

neering-feasible than directly applying anti-icing coatings to the contact wire. In numer‐

ous studies on carbon contact strip materials for high-speed railways, carbon fibers and

carbon nanomaterials have been widely employed to enhance the electrical conductivity,

thermal conductivity, mechanical strength, and wear resistance of carbon contact strips

[82,83]. Although carbon fibers and carbon nanomaterials exhibit excellent properties,

their smooth surfaces, chemical inertness, and the presence of organic binders in surface

coatings may lead to poor interfacial bonding with the carbon matrix, thereby adversely

affecting the performance of the resulting composites [84]. To solve the interface bonding

problem, Li et al. introduced carbon nanotubes and nano carbon black into the carbon

matrix through electrostatic self-assembly, forming a synergistic network. This not only

improved the mechanical properties of the composite material, but also effectively en‐

hanced its thermal conductivity [85]. Zhao Yang et al. investigated pre-oxidized carbon

fiber (OPF)-reinforced pantograph carbon strip material and found that the incorpora‐

tion of OPF enhanced the electrical conductivity, thermal conductivity, and mechanical

properties of the strip material, with the thermal conductivity coefficient increasing by

21.22% [86]. Although this technology has not yet been applied on site, its potential in

high-speed railway anti-icing systems is enormous and it is expected to become an im‐

portant candidate direction for catenary anti-icing and contact strip material optimiza‐

tion in the future.

(4)  Hybrid De-Icing Methods

The aforementioned anti-icing/de-icing techniques can effectively address contact

wire icing issues. But in emergency situations, especially when faced with high hardness

and strong adhesion of glaze ice, standalone de-icing methods often struggle to meet the

demand for efficient ice removal. Moreover, completely eliminating the ice layer typi‐

cally requires significantly more energy consumption, which may lead to unnecessary

damage. For example, although electrothermal de-icing can effectively melt ice, it has

high energy consumption, a long melting time, and may lead to a loss of electrical con‐

nection components; mechanical de-icing can directly remove ice layers, but its effi‐

ciency is relatively low, and improper operation may damage the contact wire. In view

of this, more and more scholars are exploring the combination of various de-icing tech‐

nologies, fully leveraging their respective advantages to achieve efficient, fast, and reli‐
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able de-icing effects.

In the field of transmission lines, Zhou Chao proposed a hybrid de-icing technology

combining thermal melting and mechanical de-icing. The results demonstrate that this

technology reduces de-icing time to only 10–20% of that required by standalone thermal

melting, while the critical impact force is merely about 40% of that needed in pure me‐

chanical de-icing. This approach not only significantly shortens de-icing time but also ef‐

fectively prevents conductor damage and residual ice accumulation [87]. In the field of

wind turbine blades, Shen et al. proposed a hybrid de-icing method combining electro-

thermal and ultrasonic technologies. The study found that this approach significantly re‐

duces energy consumption and peak temperature while allowing for optimal de-icing ef‐

ficiency under different working conditions by adjusting the power ratio [88]. In the

field of road de-icing, Zhou et al. integrated hot-water jetting with mechanical grinding

to develop a multifunctional hybrid de-icing system. The hot-water jetting cuts the ice

layer into smaller sections, while the mechanical grinding rapidly removes the residual

ice, significantly enhancing the overall de-icing efficiency [89].

Drawing on successful experiences with hybrid de-icing technologies from other

fields, future research on anti-icing/de-icing of high-speed railway catenaries could fur‐

ther develop efficient de-icing strategies based on the synergistic effects of electrical, me‐

chanical, and material approaches. Through the sequential coordination of different

physical mechanisms, the adhesion strength and failure threshold of ice layers can be re‐

duced. The specific concept is as follows: ① Apply a de-icing current to effectively dis‐

rupt the strong adhesion between the conductor and the ice layer. ②  Utilize a de-icing

method with multi-frequency vibration excitation to achieve rapid detachment of the ice

layer from the contact wire surface. ③ Spray an anti-icing coating onto the contact wire

surface to prevent secondary adhesion of the ice layer. Through this synergistic de-icing

technology, efficient de-icing of the contact wire is achieved, significantly saving time.

This is the most ideal de-icing technology for the future (shown in Figure 11).

Figure 11. Coupled de-icing design diagram.

(5)  Comparison of de-icing technologies

In summary, different anti-icing/de-icing technologies have distinct characteristics

in terms of their mechanisms of action, energy utilization methods, engineering applica‐

bility, and operating conditions. To facilitate a comprehensive comparison of the techni‐

cal features of these methods, the main advantages, limitations, and applicable scenarios

of the aforementioned anti-icing/de-icing technologies are summarized in Table 5.
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4. Conclusions and Future Prospects

This paper reviews the current-carrying friction and wear behavior of C/Cu contact

pairs in PCSs under water environments. The influences of three typical aqueous condi‐

tions (humidity, rainfall, and icing) on interfacial lubrication, current transmission, and

arc ablation behavior are primarily analyzed, and existing anti-icing/de-icing technolo‐

gies and their engineering applicability are summarized. The main conclusions are as

follows:

(1) The influence of humidity can be summarized into three stages. Under low-humid‐

ity conditions, insufficient interfacial lubrication leads to pronounced abrasive wear

and arc ablation. Moderate humidity is conducive to the formation of adsorbed wa‐

ter films and oxide films, thereby reducing friction and wear. However, excessively

Table 5. Performance comparison of different anti-icing/de-icing technologies.

Anti/De-icing Technology Main Advantages Limitations
Applicable

Scenarios

Mechanical de-

icing

Manual

de-icing

Low cost,

simple equipment,

flexible operation

Time-consuming, low efficiency,

high safety risks, and difficulty in

dealing with secondary icing

Short-distance

sections, slight

icing, and local

fault treatment

Hot-sliding

de-icing

Relatively high de-icing

efficiency and continuous

operation capability

Limited effectiveness against

strongly adhered ice, and

aggravation of contact wire wear

Lines with light-to-

moderate icing

Vibration

de-icing

Fast response and

automated device operation

Difficulty in matching vibration

frequency, and susceptibility to

structural fatigue

Lines where

vibration is

structurally

allowable

Electrothermal

de-icing

DC de-icing
Controllable current,

high ice-melting efficiency

Dedicated DC ice-melting

equipment is required,

and high cost

Large-area

emergency ice

melting

AC de-icing Relatively mature technology
Large reactive power loss and train

suspension required

Lines equipped

with AC ice-

melting conditions

Built-in

resistance-wire

de-icing

Well-

defined heating position and 

rapid temperature rise 

High manufacturing cost,

difficulty in retrofitting existing

lines

Specific catenary

areas

Anti-icing

technology

Electrothermal

anti-icing

Enables preheating and

suppresses ice formation

High energy consumption and

stringent requirements for the

power supply control system

Preventive anti-

icing for lines in

icing-prone areas

Chemical agent

anti-icing

Rapid effectiveness

and flexible device

Limited duration of effectiveness

and severe environmental

pollution

Local and short-

term auxiliary

anti-icing

Carbon-based

material

anti-icing

Integrates anti-icing,

electrical conductivity

Interfacial bonding needs to be

further improved

Novel carbon strip

composite

materials

 
Hybrid

De-icing

Low energy consumption,

high efficiency, and high

adaptability and reliability

High requirements for control

strategies

Extreme icing

conditions and

protection of

critical lines
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high humidity may disrupt the stable oxide film and induce fluctuations in contact

resistance, resulting in aggravated wear once again.

(2) Under rainfall conditions, a relatively thin water film can provide certain cooling

and lubrication effects, thereby reducing mechanical wear. However, when the wa‐

ter film becomes excessively thick, the conductive pathways tend to constrict, lead‐

ing to increased contact resistance and arc energy, which further aggravates arc ab‐

lation and delamination wear. In addition, an increase in current further intensifies

arc discharge.

(3) Icing conditions pose the most prominent hazard to the PCS. The ice layer not only

significantly accelerates the wear of the pantograph strip but also compromises the

electrical conductivity of the contact pair, increasing the inter-electrode resistance,

which leads to frequent arcing. Irregular ice layers can also introduce additional

mechanical impacts, exacerbating pantograph–catenary vibrations. In severe cases,

this may result in failure issues such as carbon strip fracture.

(4) Existing countermeasures include speed limit operations, mechanical de-icing, elec‐

trothermal de-icing, chemical agent anti-icing, and material-based anti-icing.

However, a single technology can hardly satisfy multiple requirements simultane‐

ously, such as de-icing efficiency, energy consumption control, and protection

against contact wire damage.

Although the aforementioned research findings have achieved certain results in en‐

gineering applications, the following issues still urgently need to be resolved: Traditional

pantograph strip materials face difficulty in withstanding long-term service in this envi‐

ronment. In addition, under extreme ice cover disasters, manual de-icing methods are

still mainly relied upon, making it difficult to meet the demand for large-scale and effi‐

cient de-icing. Therefore, based on the above content, the following prospects are pro‐

posed for as urgent research that needs to be carried out in this field in the future:

(1) New carbon strip material: In response to problems such as insufficient wear resis‐

tance, weak resistance to arc ablation, and the poor impact resistance of carbon

strips under complex aqueous environments, including humidity, rainfall, and low-

temperature icing, future research should be conducted on novel carbon-based com‐

posite strip materials with high wear resistance, strong ablation resistance, and ex‐

cellent low-temperature impact resistance. Particular attention should be paid to op‐

timizing material composition, reinforcement distribution, and electrical and ther‐

mal conductivity. Meanwhile, predictive models for the service life of pantograph

strips under aqueous environments should be established.

(2) Ice monitoring technology: Considering the diverse types, complex states, and sig‐

nificant dynamic evolution of catenary icing, high-precision online monitoring tech‐

nologies with strong anti-interference capability should be developed in the future.

These technologies should enable the comprehensive sensing of icing type, thick‐

ness, mass, and contour morphology. By integrating meteorological information and

pantograph–catenary dynamic response data, models for icing risk identification,

severity assessment, and early warning should be established, thereby providing a

basis for train speed-restricted operation, dispatching organization, and active anti-

icing/de-icing decision-making.

(3) Efficient de-icing technology: In view of the limitations of single de-icing technolo‐

gies in terms of de-icing efficiency, energy consumption control, contact wire dam‐

age, and the prevention of secondary icing, a multi-mode synergistic anti-icing/de-

icing technology system should be developed in the future. By leveraging the ad‐

vantages of different de-icing technologies, integrated control of icing identification,

active de-icing, effectiveness evaluation, and secondary icing prevention can be
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achieved, thereby enabling efficient ice removal and improving the operational reli‐

ability of PCSs under icing conditions.

Therefore, it is urgent to address these existing issues one by one to ensure the se‐

cure and stable operation of high-speed railways, thereby reducing potential operational

risks and economic losses.
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