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Abstract: The resin-matrix pantograph contact strip (RMPCS), which has excellent abrasion resistance with electrical current and 
friction-reducing function, was developed in view of the traditional contact strips with high maintenance cost, high wear rate with 
electrical current and severe damage to the copper conducting wire. The characteristics of worn surfaces, cross-section and typical 
elemental distributions of RMPCS were studied by scanning electron microscopy (SEM) and energy dispersion spectrometry (EDS). 
The wear behavior and arc discharge of RMPCS against copper were investigated with self-made electrical wear tester. The results 
show that the electrical current plays a critical role in determining the wear behavior, and the wear rate of the RMPCS against copper 
with electrical current is 2.7−5.8 times higher than the value without electrical current. The wear rate of the contact strip increases 
with the increase of the sliding speed and electrical current density. The main wear mechanism of RMPCS against copper without 
electrical current is low stress grain abrasive and slightly adhesive wear, while arc erosion wear and oxidation wear are the dominate 
mechanism with electrical current, which is accompanied by adhesive wear during the process of wear. 
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1 Introduction 
 

The electric contact friction and wear means that 
tribological pairs in the electric field have the 
tribological behavior with electric current. The main 
characteristic of it is that the wear of tribological pairs is 
governed by the high electric current[1−4]. A special 
couple of tribological pairs of the contact strip against 
copper-quality contact wire of electric railway are 
made[5−6]. The wear of the contact strip against contact 
wire with electrical current, which is affected by the 
machine, friction, chemistry, heat transfer and electric, 
etc[7−11], is an extremely complicated process and 
brings about great difficulty for the research. A great deal 
of study have been done for the electric contact friction 
and wear. KLAPAS et al demonstrated that the wear of 
the contact strip against contact wire with electrical 
current was not only closely affected by the 
compatibility of different materials of tribological pairs, 
but also affected by relative sliding speed, current and 
contact pressure[12]. PRITCHARD et al indicated that 
the loss of lubricant on the worn surface would lead to 
high wear rate of the contact strip in rain-water or humid 

atmosphere[13]. MATSUYAMA proved that the wear 
mechanism of the contact strip against contact wire with 
electrical current could be divided into mechanical wear, 
chemistry wear and electrical wear[8], and this 
conclusion had been extensively recognized. Based on 
the wear mechanism of MATSUYAMA, many scholars 
have engaged in the study of the influence of different 
load and current on the wear behavior of tribological 
pairs. KUBO et al considered that the wear of the contact 
strip with electrical current was the inter superposition of 
mechanical wear and electrical wear. As the two models 
were combined, the wear behaviors of tribological pairs 
with electrical current were different from those without 
electrical current[7]. HE et al[3] indicated that the 
increase of worn surface temperature of the copper- 
matrix contact strip against red copper contact wire with 
electrical current would make the surface crack expand 
to a critical value, which would form a special 
morphology. JIA et al[14] indicated that the wear of 
tribological pairs was closely related to the change of the 
surface temperature. The worn structure of tribological 
pair would be damaged obviously at high temperature, 
which caused a decrease of peeling resistance perfor-  
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mance on the surface layer, and speeded the phase 
transformation. All these researches have given the 
universality rule of the wear of the contact strip against 
contact wire with electrical current. However, there is 
few report about the effects of the arc erosion under 
off-line on the worn surface and wear mechanism of the 
contact strip against contact wire with electrical current. 

Based on the previous investigation[15], RMPCS 
with excellent abrasion resistance under electrical  
current, good conductive and friction-reducing function, 
was produced by the processes of hot rolling, two-step 
pressing and solidification technology using high 
temperature modified-resin as binder, and adding electric 
conductive phase, lubricating phase and intensifier fiber. 
The effects of sliding time and speed on the wear rate of 
RMPCS under different electric current were 
investigated. The effects of the arc erosion under 
contacting-separating on the wear behavior of RMPCS 
against copper were analyzed. And the arc erosion 
process and mechanism of RMPCS against copper were 
also discussed by theoretical analysis of crack formation 
of electric contact material[16−17]. 
 
2 Experimental 
 
2.1 Experimental materials 

The chemical composition and physical properties 

of RMPCS material are shown in Tables 1 and 2. 
 
2.2 Preparation process 

The preparation process of RMPCS material is 
shown in Fig.1. 
 
2.3 Performance measurement of RMPCS against 

copper 
The bulk density of RMPCS was measured by 

Archimedes method. The Rockwell hardness of RMPCS 
was accurately measured by HRB sclerometer (HR− 
150DT) with the head diameter of 1.587 mm under the 
load of 980.7 N. The resistivity of RMPCS was 
measured by a digital intelligent four-probemeter 
(SZ−82). The impact strength of RMPCS was measured 
by izod impact test (CBJ−11J). The characteristics of the 
worn surfaces, cross-section and typical elemental 
distributions of RMPCS were analyzed by scanning 
electron microscopy (SEM, JSM−6700F) and energy 
dispersion spectrometry (Oxford EDS).  

The reduction change in thickness and arc discharge 
of RMPCS against copper were investigated with 
self-made electrical wear tester. The wear surface was 
machined with the dimension of 5.0 mm in length in the 
sliding direction and 20.0 mm in width. The counterpart 
disk was pure copper, whose surface was thoroughly 
cleaned with acetone before and after the wear tests. The  

 
Table 1 Chemical compositions of RMPCS material 

Function Raw material Volume fraction/% 
PBMI 12−20 

Continuous phase 
YM 24−32 

Main electric conductive phase Electrolytic copper powder 45−55 

Main lubricating phase Flake graphite 8−14 

Red copper fiber 
Intensifier fiber phase 

Chopped carbon fiber 
7−14 

Addition agent phase Activated charcoal 1−2 

Polymerization inhibitor Kerosene oil Proper quantity 
 
Table 2 Physical properties of RMPCS material 

Bulk density/(g·cm−3) Rockwell hardness(HRB) Impact strength/(kJ·m−2) Room temperature resistivity/(µΩ·m) 

3.85 45 7.1 9.5 

 

 
Fig.1 Preparation process of RMPCS material  



TU Chuan-jun, et al/Trans. Nonferrous Met. Soc. China 18(2008) 1159

surface of RMPCS and pure copper were polished by 
waterproof abrasive paper of 800#. An analog off-line arc 
trench gap was machined on the surface of the 
counterpart disk with the dimension of 40.0 mm in 
length in the sliding direction, 50.0 mm in width and 0.5 
mm in thickness. The tail-height of electrical spark was 
continuously recorded with camera installation. The 
performance measurement test of RMPCS against copper 
with and without electrical current was carried out in 
laboratory environment, in the air at the ambient 
temperature of (25±2) , ℃ with the current density of 
105, 195 and 285 A/cm2. The disk was rotated at a 
sliding speed of 16.7, 25, 33.3 and 41.7 m/s, respectively. 
The normal load of contact was 50 N. The wear tests 
were interrupted every 5 min until the sliding time 
reached 60 min. The schematic of the apparatus is shown 
in Fig.2. 
 

 

Fig.2 Schematic of self-made apparatus of high speed electrical 
wear tester 
 
3 Results and discussion 
 
3.1 Effect of electrical current on wear rate of 

RMPCS 
Fig.3 shows the effect of sliding speed and test time 

on the wear rate of RMPCS under different electric 
currents. Table 3 gives the test results of RMPCS against 
copper with and without electrical current. 

 

 
Fig.3 Effect of sliding speed (a) and sliding time (b) on wear 
rate of RMPCS under different electric currents 
 

As shown in Fig.3(a), the wear rate of RMPCS 
against copper with electrical current is higher than that 
without electrical current under the same speed. In air 
and at ambient temperature, the wear rate of RMPCS 
increases with the increase of current density. The wear 
rate of RMPCS against copper with electrical current is 
2.7−5.8 times higher than that without electrical current 
under the same conditions. At a sliding speed of 41.7 m/s 
and sliding time of 30 min, with the current density of 
105, 195 and 285 A/cm2, the wear rates of RMPCS are 
2.87×10−5, 3.61×10−5 and 4.35×10−5 mm3/(N·m), 
respectively. While the wear rate of RMPCS is only 0.75
×10−5 mm3/(N·m) without electrical current under the 
same condition. Moreover, the wear rate of the contact 
strip increases with the increase of sliding speed and 
electrical current density. These indicate that the wear 
behavior of RMPCS against copper is mainly influenced 
by the existent current. With electrical current, the heat 
sources[7, 14] of wear surface during the process of wear 
mainly come from friction heat, arc heat and Joule heat 
of contact resistance, which obey the Joule’s law. 
However, the arc heat is mainly produced under electrical 
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Table 3 Test results of RMPCS against copper 

Current/(A·cm−2) Speed/(m·s−1) Test status 

16.7 
Strip: continuous lubricating film, smooth worn surface, no evident scratch, no-spark 

Copper disk: bright disk, no black lubricating films and spot weld 
0 

41.7 
Strip: continuous lubricating film, smooth worn surface, no evident scratch, no spark 

Copper disk: bright disk, no black lubricating films and spot weld 

16.7 
Strip: discontinuous lubricating film, middle scratch and high level of noise,  

electrical spark tail-height of 12−15 mm, some dotted pits 
Copper disk: bright disk, continuous black lubricating film, no evident spot weld 

285 

41.7 
Strip: discontinuous lubricating film, evident scratch and high level of noise,  

electrical spark tail-height of 20−25 mm, some dotted pits 
Copper disk: bright disk, continuous black lubricating film, no evident spot weld 

 
current. There are periodically small space between the 
tribological pairs in separating or contacting course. 
When the pairs are separated from contact, it results in 
the increase of contact resistance[18] and a rapid 
reduction of the electric current in circuit, and 
instantaneous high voltage is induced between 
tribological pairs for inductances. When high 
self-induction voltage break down the air in the contact 
space, electric spark is produced. The arc heat induced 
by rotating the closed curve can be given by[7] 
 

tt

nnn
tEtnIV

n
tnP //]1[ =∆⋅⋅∆= ∑∑∑               (1) 

 
where  P stands for arc heat (W), n stands for the 
number of arc rotating the closed curve, ∆t stands for the 
maintenance schedule method (s), V stands for 
instantaneous high self-induction voltage (V), I stands 
for instantaneous electrical current (A), Et stands for 
releasing energy of arc rotating the closed curve, and tt 
stands for total discharge time of arc rotating the closed 
curve (s). The electric spark, induced in the process 
between the separating or contacting course, has the 
characteristic of high density of energy and short 
duration. Under electrical current, the high temperature 
induced by arc discharge[19−20] causes the material of 
contact interface to sequentially experience the cycle 
process of heating, phase transition of heat 
decomposition or thermal melting, then degradation 
reaction of resin-matrix as well as the flow and 
condensation process of liquid melt metal, which cause 
serious arc erosion. Simultaneously, the mechanical 
abrasive wear, induced by the contact pressure, causes 
the surface layer to transfer and spall. So the wear of the 
contact strip is intensified, as the energy of the worn 
surface of RMPCS against copper with electrical current 
is more than that without electrical current.  

Fig.3(b) also shows that the wear rate of RMPCS 
increases rapidly with prolonging time in the initial stage, 
and then decreases to a steady level, finally the wear rate 
tends to be stable. Under the same test conditions, the 
wear rate is maximal at the electrical current density of 

285 A/cm2, followed by that at 195 A/cm2, 105 A/cm2 
and without electrical current. The main reason is that 
the contact area with the worn surface of tribological 
pairs is smaller during the initial stage of wear, thus the 
wear is larger. With the increase of time, transferring 
surface films between tribological pairs are formed, 
which can effectively prevent direct contact of 
tribological pairs and consequently reduce the wear mass 
loss of RMPCS. 

As shown in Table 3, the worn surface 
morphologies of RMPCS without electrical current are 
more integral and smooth than those with electrical 
current. During the process of wear with electrical 
current, the tail-height of electrical spark at the sliding 
speed of 41.7 m/s is higher than that at the sliding speed 
of 16.7 m/s. The main reason is that the frequency of 
starting arc increases with the increase of sliding speed. 
Therefore, a large quantity of heat is produced on the 
actual contacting area of the part joints through friction, 
which results in rapid increase in wear mass loss. 
 
3.2 Worn surfaces and cross-section of RMPCS 

Figs.4 and 5 show the SEM micrographs of the 
worn surface and cross-section of RMPCS without and 
with the electrical current density of 285 A/cm2 under the 
load of 50 N at the sliding speed of 41.7 m/s for 30 min, 
respectively. The white arrows indicate the sliding 
direction. The results of EDS analysis on the worn 
surface with electrical current are listed in Table 4. 

As shown in Fig.4, no remarkable spallation on the 
worn scar surfaces (Figs.4(a)-(c)) of RMPCS is found at 
high speed without electrical current. The worn surfaces 
of RMPCS are smooth, dense and there are good 
interface junctions only with some uniform and micro 
scars along the sliding direction. Under the external force, 
the abrasive scraps are produced by crashing and 
shearing around the contact area during the process of 
wear (Dust worn zone in Fig.4(b)), and the interaction of 
tribological pairs mostly shows machining wear. As 
shown in Fig.5, light and shade stripe and uniformly 
distributed dotted pits scratch on the worn surfaces  
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Fig.4 SEM micrographs of worn surface (a, b, c) and cross-section (d) of RMPCS without electrical current 

 

Fig.5 SEM micrographs of worn surface (a, b, c) and cross-section (d) of RMPCS with electrical current density of 285 A/cm2 
 
(Fig.5(a) and (b)) are presented. At high speed with 
electrical current, electric spark is induced between the 

cycling contact or separation of tribological pairs. Resin- 
matrix of the contact region is thermally decomposed,  
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Table 4 EDS analysis results of worn surface with electrical 
current (mass fraction, %) 

Different site on surface O Cu C Others

Wear debris 12.65 23.27 63.41 0.67

Electrical erosion pits 7.50 45.41 45.70 1.39
Worn surface without 

electrical current 1.50 56.86 41.25 0.39

 
much small-molecule volatile substance is produced and 
the low melting point metal is introduced into thermal 
melting, then different sizes of cyclones (Fig.5(a): 
Pockmark zone) are formed during the process of 
condensation, as the temperature of contact strip surface 
and subsurface sharply increases under the arc heat. The 
size of arc erosion pits on the worn surface is about 20.5 
µm×30.5 µm. The surface of RMPCS shows eddy 
current morphology[21], which leads to electrical arc 
erosion wear. And oxidation particle is spalled strongly 
from the worn surface at high temperature. The main 
reason is that the contact area with the worn surface is 
ablated rapidly, which leads to thermal decomposition 
reaction of resins, oxidation reaction of carbon materials 
as well as thermal melting of metals. The wear behavior 
results from contact temperature increasing in the course 
of arc erosion. Adhesive wear and oxidation wear are the 
main wear mechanisms during the process of wear. 

It can be seen in Fig.4(d) and Fig.5(d) that RMPCS 
possesses a homogeneously dense structure at the high 
speed without electrical current. Particle chaos 
arrangement starch and agglomeration-free zone are 
found on the cross-section, which shows good dispersive 
and no obvious preferred orientation. The average grain 
size of friction deformed layer is less than 10 µm. No 
obvious plastic deformation can be observed in the cross- 
section. The interface between the matrix and other 
phases is well bonded. The microstructure of cross 
sections for the specimens at high speed with electrical 
current is smooth, dense and uniform, and the average 
grain size of friction deformed layer is about 10 µm. No 
cross cracks and obvious porosities are presented. These 
indicate that the wear mechanism is mainly surface part 
spilling at high speed with electrical current. 

As shown in Table 4, the oxygen contents of the 
electrical erosion pits and wear debris increase with the 
increase of contacting temperature and testing time, 
achieving about 12.65% and 7.50% respectively. The 
EDS analysis results of the worn surface with and 
without electrical current indicate that the worn surface 
of RMPCS may be oxidized during the process of wear 
with electrical current. And the different heat sources 
caused by electric arc, contact resistance and friction at 
high speed with large current lead to the oxidation of 
copper and formation of oxide particles. The result 
shows that the content of elemental Cu is decreased 

while the content of elemental O increases. 
 
3.3 Wear mechanism of RMPCS against copper 

RMPCS against copper presents different wear 
mechanisms with or without electrical current. The 
continuous surface films, which are grown up between 
the worn surfaces of RMPCS against copper, mainly 
come from the flake graphite and dielectric oxide of 
copper during the process of wear without electrical 
current. Therefore, the surface films are damaged before 
resin-matrix fails, which can effectively prevent the 
direct contact of worn surface during the process of  
wear. As time prolongs, the continuous lubricating film 
forms on the worn surface. The dynamic equilibrium of 
self-lubricating film is kept due to the balance of 
squeezing out and restricting of solid lubricant. So the 
main wear mechanism of RMPCS against copper without 
electrical current is low stress grain abrasive and slightly 
adhesive wear. The electrical arc caused by the off-line 
between tribological pairs is serious during the process 
of wear with electric current, which results in abundant 
heat of the electrical arc, especially at higher current 
density. The contact regions may thermally decompose 
and oxidize, then present the characteristic of oxidation 
wear under the instantaneous high temperature, which is 
caused by electric arc, contact resistance and friction at 
high speed with high electrical current. As the 
temperature of contact strip surface and subsurface 
sharply increases under the arc heat, cyclones of different 
sizes are formed in the process of condensation. 
Therefore, the main wear mechanism of RMPCS against 
copper with electrical current is intersecting of arc 
erosion wear and oxidation wear, which is accompanied 
by adhesive wear during the process of wear. 
 
4 Conclusions 
 

1) The wear behavior of RMPCS against copper is 
mainly influenced by the existent current. The wear rate 
of the contact strip increases with the increase of sliding 
speed and electrical current density. The wear rate of 
RMPCS against copper with electrical current is 2.7−5.8 
times higher than that without electrical current under the 
same test conditions. 

2) During the process of wear with electrical current, 
the tail-height of electrical spark at the sliding speed of 
41.7 m/s is higher than that at the sliding speed of 16.7 
m/s. 

3) The main wear mechanism of RMPCS against 
copper without electrical current is low stress grain 
abrasive and slightly adhesive wear. While the main 
wear mechanism of RMPCS against copper with 
electrical current is the intersecting of arc erosion wear 
and oxidation wear, which is accompanied by adhesive 
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wear during the electrical wearing processes.  
4) The localized worn surface of the contact strip 

forms the circinate pits and presents the characteristic of 
arc erosion wear by arc heat induced in the separating or 
contacting course. 
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