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INTRODUCTION

Sectional insulator guides made of Cu-ETP 
copper are exposed to wear and damage caused 
by various mechanisms during operation. The 
first is frictional wear [1] of the graphite-made 
surface of the current collector, mounted on the 
pantograph, which is adjacent to the overhead 
contact line. According to the regulations of PKP 
PLK S.A. (Polskie Koleje Państwowe Polskie 
Linie Kolejowe – Polish State Railways Polish 
Railway Lines) [2], this current collector is now 
equipped with a graphite cap (Fig. 1).

Corrosion is another wear mechanism. Cop-
per oxidation is associated with an increase in the 
intensity of this process due to the increase in tem-
perature. As shown in work [3], copper oxidation 
occurs already at a temperature of 200 °C. The in-
crease in temperature is associated with providing 

energy to oxygen and copper atoms, which then 
bind together more easily to form copper oxygen. 
Moreover, as the energy increases, the diffusion 
of oxygen atoms from the surrounding air oc-
curs more easily and effectively into the copper. 
The increase in temperature is mainly caused by 
the flow of current, especially when high power 
is consumed when the train starts to come to a 
standstill. Another cause of the temperature in-
crease at the interface between the guide and the 
graphite current collector is the phenomenon of 
friction [4, 5].

However, the most destructive mechanism is 
the electric arc, which arises during the passage of 
the pantograph through a section insulator (Fig. 
2) and the physical phenomena generated with it 
[6], including local, short-term temperature in-
crease up to a maximum of 20,000 °C [7], rapid 
expansion of evaporated metal and air [8], molten 
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metal particles, shock and sonic waves [9]. Under 
the influence of increasing temperature, the guide 
material plasticises. This increases the possibility 
of deformation of the guide [6] because, in order 
to ensure its constant contact with the current col-
lector, the pantograph is equipped with elements 
ensuring constant pressure and adherence to the 
working part (Figure 1). In addition, the rapid in-
crease in the volume of the material as a result 
of its melting, as well as due to the shock wave, 
the molten particles of the Cu-ETP material are 
splashed around, which may cause damage or 
destruction of rolling stock elements, and is also 
dangerous for the infrastructure owner employees 
working there [10].

The tests were performed on used guides of 
section insulators, which were elements of rail-
way traction. On the railway routes where the 
tested guides were installed, the trains reached a 
maximum speed of 120 km/h or 40 km/h (Fig. 
2). They were replaced after 6 or 12 months and 
12 months, respectively. In the case discussed in 
the article, the test samples presented in Figures 
4 and 5 were tested after operation on a route 
where trains moved at a speed of up to 40 km/h 
(12 months of operation). However, the described 
case is not common and its occurrence is quite 
rare. The purpose of the research was to investi-
gate and describe what type of damage to the sec-
tional guide in real-life conditions is caused by an 
electric arc that is induced when the pantograph 
moves from one guide to the adjacent one.

MATERIALS AND METHODS

The section insulator guide was manufactured 
in accordance with the arrangements of PKP PLK 
S.A. [11] with Cu-ETP materials with the chemi-
cal composition shown in Table 1 (according to 
the standard [12, 13]).

The prepared samples were taken from the 
guides used and placed in phenolic resin for 
further preparation. After that the samples were 
ground on sandpaper with increasingly finer 
grains and polished with an Al2O3 suspension. 
In the next stage of polishing the metallographic 
samples, Al2O3 was replaced with a diamond sus-
pension with a grain size of 1 µm. The samples 
were etched in a solution of: 2 g of potassium 
chromate K2Cr2O7, 100 cm3 of distilled water, 4 
cm3 of sodium chloride NaCl solution, 8 cm3 of 
sulphuric acid H2SO4. The samples were alter-
nately polished and etched to obtain the correct 
image of the microstructure. The microstruc-
ture of the tested material was observed using 
an Olympus light microscope and a Zeiss Supra 
scanning electron microscope (SEM). The chemi-
cal composition of the tested microareas was ex-
amined using the energy dispersive spectroscopy 
(EDS) method.

The X-ray phase analysis was performed us-
ing a Panalytical X’Pert X-ray diffractometer. 
Filtered radiation from a cobalt anode lamp was 
used. The measurement step was 0.05, and the 
pulse counting time was chosen at 10 s.

Fig. 1. A fragment of the current collector with a visible graphite cap
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RESULTS

The phenomenon of electric arc discharge 
when the current collector jumps from one guide 
to another is accompanied by the generation of 
a very high temperature, which may cause melt-
ing of parts of the guide. This event may occur 
for various reasons. One of them may be wear 
of the guide, which does not extinguish the arc 
by changing the geometry of the blowing horns. 

Such events are rare, but they do occur, as the 
photo below shows (Figure 4). Numerous drops 
of solidified copper are visible on the guide. Fig-
ure 5 shows the working surface of the guide; it 
shows no signs of tribological wear, but burnt cra-
ters are clearly visible and there are drops of solid 
copper on the side surface. Visible changes in the 
guide surface are the result of the electric arc.

Figure 5 shows the impact of high temperature 
generated when an electric arc is discharged on the 

Fig. 2. Electric arc caused by the pantograph movement between the guides of the section insulator

Table 1. Chemical composition of Cu-ETP copper [12, 13]

Copper 
mark Cu Ag O Bi Pb Balance

Cu-ETP 99,9 0.015 0.04 0.0005 0.005 0.03 (bez Ag,O)

Fig. 3. Bottom view of the section insulator; placed outside, there are guides made of Cu-ETP copper
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DISCUSSION

The effect of energy during the discharge of an 
electric arc influencing the degree of wear damage 
of the carbon strip was investigated in [15]. It was 
found that there is a proportional relationship be-
tween the degree of belt wear (Ws) and the electri-
cal arc energy (E), which is linear (Fig. 8). Using 
the nonlinear least squares regression method, this 
relationship was determined by the Equation 1:

  Ws = 0.65E + 0.379 (1)

where: R2 = 0.79.

Moreover, it was also found that the wear 
damage level of the belt surface in which ther-
mal mechanisms dominate depends both on the 
intensity and acting time of the electric arc. The 
most often occurring wear mechanisms for the 
present carbon strip are evaporation erosion and 

guide (working) surface of the guide. Microstruc-
ture observations made using a scanning electron 
microscope (SEM) showed the presence of molten 
copper drops. This is the result of the melting of 
copper due to the high temperature that is gener-
ated when a discharge occurs in the form of an 
electric arc. In this area, traces of melting of the 
guide material were also found on the surface (Fig. 
6). Although the high temperature is short-lived, it 
has locally reached the copper melting point.

Figure 6 shows the working surface of the 
guide, which was the subject of the research. No 
traces of tribological wear were found. Grooves 
and burnt craters are clearly visible on the side 
surface, as well as drops of solidified copper re-
sulting from spatter during the discharge of an 
electric arc. Additionally, quite numerous recess-
es and holes (holes and pits) are visible, which 
are also formed as a result of melting of the guide 
surface under the influence of an electric arc. Any 
changes occurring on the surface of the Cu-ETP 
copper guide are the result of electrical discharges 
during the operation of the traction network. 

Another observed impact of electric arc dis-
charge on the investigated copper guide made of 
Cu-ETP is the formation of cracks on its surface, 
as can be seen in Figure 7. The drawing shows the 
outer layer of the guide melt with burns and/or cra-
ters, as well as numerous traces of cracks occur-
ring on this surface, similar to the impact of laser 
surface melting, carried out with HPDL laser for 
the purpose of enhancing the characteristic of the 
treated surface [36]. These cracks are most likely 
the result of relatively quick solidification of metal 
(Cu), which was previously melted at high tem-
perature during the occurrence of electric arc dis-
charges. Similar results were reported in the study 
reported in [14].

Moreover, based on the analysis of the scattered 
X-ray spectrum (EDS) performed on the surface of 
the guide exposed to the electric arc, the presence 
of elements occurring on the surface of the molten 
conductor and originating from the external envi-
ronment was found, as well as a large amount of 
oxides (Table 2). What may be surprising is the 
relatively high content of chlorine, silicon, sulphur, 
carbon and iron, as well as minimal amounts of 
aluminium, phosphorus and potassium. These ele-
ments can also act as a factor influencing the hard-
ening of the surface layer of the insulator guide, but 
they also reduce the electrical conductivity [37].

Fig. 4. Damaged section guide; macro 
observations; maximum train speed on the 
route was 40 km/h (replaced after 1 year)

Fig. 5. The working (sliding) surface of the 
guide and the side surface with traces of the 

influence of an electric arc; macro observations; 
and the maximum train speed on the route 

was 40 km/h (replaced after 1 year)
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material diffusion. The authors of this publication 
noticed a similar phenomenon of guide degrada-
tion (Fig. 4 and Fig. 5). An electric arc consists 
of many separate, simultaneous discharges. The 
typical spot size observed in the structure is in 
the sub-micrometre range; local melting may re-
sult in the formation of a large number of char-
acteristic cavities and pits (Figs. 6 and 7). The 
arc emigrates from one place to another with a 
relatively high probability of igniting near the 
pits formed by previous arcs, which ultimately 
leads to the formation of visible traces on a macro 
scale, which consist of a large number of craters 
of several micrometres in size [16, 17]. Arc ero-
sion that appears during the use of the connec-
tor also depends on the surface quality, among 

others: from the occurrence of dirt [17, 18]. The 
electric arc can move rapidly and ablate the top 
of the material and may also cause erosion on the 
surface. The phenomenon of erosion occurs as a 
result of the action of arc plasma, which occurs, 
among others, under the influence of high temper-
ature, and the material of the surface layer melts 
or evaporates [19]. The melted material may only 
move by a few microns as a result of diffusion – 
this is how craters are created and the material is 
splashed under the influence of the pressure of the 
drops creating the plasma in the electric arc (Figs. 
4 and 5) [20]. A large number of erosion pits and 
spent material particles were disclosed, as well 
as surface deposits resulting from material melt-
ing and high-temperature spattering (Fig. 7). In 

Fig. 6. (a) Working surface of the guide of a section insulator melted with an electric arc, view  
from the boxed area in Fig. 5; (b) the adjacent area to Fig. 6a, shown enlarged

a)

b)
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[21] it was found that heavy arc erosion weakens 
the conductivity of the carbon strip, resulting in a 
decrease in the conductivity value of the applied 
carbon strip, and thus affects the quality of the 
current collection by the train. One of the most 
important factors influencing the formation of an 
electric arc during friction in the copper-graphite 
pair with a flowing electric current is the presence 
of load [22]. It should be noted that the arc energy 
increases with a decrease in stress and an increase 
in electric current. At lower values of normal loads 
(Fn ≤ 1.0 N), during tests with an applied electric 

current, the friction process occurring is small and 
unstable. On the other hand, the friction coeffi-
cient is subject to quite high variability due to the 
occurrence of an electric arc at short intervals.

Additionally, the found investigation results 
revealed that the amount of carbon overlay wear 
is mostly influenced by the electric arc, which 
causes a significant increase in the volume of the 
used material, and the wear mechanisms consists 
mainly of the electric arc ablation and the addi-
tional tacking and material transfer. Of the other 
mechanisms, mechanical friction has the highest 

Fig. 7. (a) Guide surface deformed by an electric arc; (b) analysis of the 
chemical composition of the area shown in the Fig. 7a; SEM

a)

b)
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influence on wear; however, the volume of mate-
rial used is disproportionately lower compared to 
the wear caused by the electric arc. The investiga-
tion results have revealed, similarly to the work 
[21], the effect of arc erosion that occurs on the 
surface of the investigated insulator guide part. 

In the work [23, 24] were investigated the in-
fluence of the arc discharge was investigated on 
the wear rate of a copper-impregnated carbon tape 
that works together with a wire made of pure cop-
per. The obtained test results confirmed that the 
very intense influence of this factor as well as the 
fact that the dominant wear mechanisms in this 
case are the thermal effects of the discharge on 
the strip surface: material melting, evaporation, 
loss of impregnated copper particles and carbon 
oxidation. Similar results were achieved in this 
work (Fig. 4 and Fig. 6). These mechanisms wear 
out the carbon belt material when sliding under 
the influence of electric current. The wear rate 

depends on the intensity that occurred and dura-
tion of the arc discharge. It is proportional to the 
arc energy, i.e. the product of the intensity and 
duration of the discharge.

Based on the results presented in [23], a 
graph of the wear rate of arc discharge energy 
was drawn, and then a straight line (function) was 
approximated to the line (Fig. 9), which is charac-
terised by the equation presented below (2):
 y = 1.2023x + 4.7413 (2)

Which is determined by the Pearson linear 
correlation coefficient: R2 = 0.7187. The R2 co-
efficient, called the coefficient of determination, 
determines the degree of fit of the determined 
function resulting from the approximation to the 
real data, so it can be interpreted as a measure of 
the fit of the developed model to the experimental 
data. With regard to the obtained results, it should 
be stated that Equation 1 obtained by approximat-
ing the results is almost 80% consistent with them 
and reliably determines the relationship between 
wear rate and electrical arc energy of the electric 
arc. Similarly, in the case of Equation 3, a quite 
high effect, 71%, of compliance of the experi-
mental data with the proposed equation describ-
ing the relationship between strip wear rate and 
discharge energy was obtained.

The thermal wear as well as arc erosion and 
abrasive wear, are the dominant wear mecha-
nisms that occur in the process of sliding friction 
with the coexisting electrical current flow accom-
panying material transfer [25].

The observed wear of the carbon strip through 
delamination occurs and propagates under condi-
tions of strong erosive wear caused by an electric 

Table 2. Results of the chemical composition analysis 
Fig. 7b

Element Wt% At%

CK 14.34 33.42

OK 19.04 33.30

AlK 0.76 0.79

SiK 1.15 1.14

PK 0.73 0.66

SK 3.93 3.43

ClK 1.84 1.45

KK 0.37 0.27

FeK 1.03 0.52

CuK 56.80 25.02

Fig. 8. Results of the orthogonal; graph based on the data [15]
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arc [26]. Delamination is initiated at the edge of 
the large recess created by the arc, and then dur-
ing the test it spreads around the recess to the en-
tire worn surface of the carbon strip. However, 
the main wear mechanism found in copper con-
tact wire is gouging and migration of copper par-
ticles. Moreover, the shape of the groove, i.e. its 
width and depth, changed during the test. Addi-
tionally, due to the increase in temperature at the 
phase boundary and the wear of the carbon tape, 
the migration intensity of Cu particles increases 
during the test.

The cumulative energy of the arc discharge E 
(kJ) is calculated based on the following relation-
ship presented below [27]:
  E = ∫ UIdt (3)
where: t – time of the test, U – arc voltage,
 I – current in the arc.

In the work [27] was investigated the influ-
ence of the force of dynamic contact on the arc 
discharges between the carbon strip and QCr0.5 
chromium copper (GB/T 13808-1992) under the 
influence of the occurred electric current. It was 
found that the arcs were induced in time periods 
according to the period of the dynamic pressure 
force. These results are in opposition to previ-
ous static studies, in which arcs were always ran-
domly generated under a constant load [28, 29]. 
Moreover, it was found that the number of arcing 
discharges increased with increasing operating 
speed during the test. The velocity of the arc dis-
charges has increased from 40 km/h to 100 km/h, 
but a sharp increase was recorded after exceeding 
the velocity of 80 km/h (Fig. 10).

The obtained results of the Finite Elements 
Method (FEM) simulation revealed that the mea-
sured frequency and amplitude of the dynamic 
pressure force has increased together with the in-
crease of the driving velocity, and allowed to in-
clude this relationship in the equation below (4):
 F(t) = 70 + Bsin(2πft) (4)
where: B – dynamic pressure amplitude,
 f – frequency.

Abrasive wear has dominated at low speeds - 
clear scratches and impurities in the form of scales, 
and the alloy copper particles were transferred to 
the carbon material. However, at high speeds, 
cracks and copper oxide particles appeared. On 
this basis, it was found that with increasing speed, 
the wear mechanism changed from friction wear 
to arc erosion with increasing speed.

When using direct current (DC) power sup-
ply, in the initial phase of slip, current can be 
transferred from the overhead line to the panto-
graph current collector without causing electric 
discharges. However, it was found that after 6–8 
seconds there were two relatively large fluctua-
tions in the electric current signals and the gener-
ated voltage, which revealed the occurrence of an 
electric discharge in the form of an arc. Thus, it 
was found that the energy of the arc discharge in-
creases with the increase in electric current at the 
same sliding speed value (Fig. 11). The energy of 
an electric arc discharge is described as the en-
ergy of the arc discharge at the associated friction 
path length [30].

In the found scientific literature, it was stated 
that the sliding speed certainly affects the number 

Fig. 9. Strip wear rate compared to arc discharge energy throughout the test
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Fig. 10. Electric arc rate of the pure carbon strip in relation to the occurred velocity [27]

of discharges – the higher the speed, the greater 
the number of discharges in the form of an elec-
tric arc. This relationship is presented in Figure 
10 and also discussed in the work [27]. It is re-
lated to the dynamic increase in the contact place 
of the current collector with the traction elements; 
generally, the higher the velocity of the train, the 
higher the dynamic kinetic energy which is avail-
able to the sliding guide.

The impact of slip speed on the energy of the 
arc discharges is shown in the Figure 11. Further-
more, in publication [31] it was found that the 
discharge energy E1 = 2.149e5 for the velocity v 
= 150 km/h, E2 = 1.681e5 for the velocity v = 100 
km/h, and E3 = 1.225e5 for the velocity v = 50 
km/h. The ratio of arc discharge energy is equal 
E1/E2 = 1.30 and for E1/E3 = 1.79. However, ob-
servations show that the probability of arc occur-
rence decreases as the sliding velocity increases. 
Moreover, it can be state that the shorter the slid-
ing speed, the shorter is the arc duration.

Another phenomenon that has a destructive 
effect on the guide of the section insulator may 
be corona discharge. It occurs when a current be-
gins to flow in a neutral medium, usually air, from 
a discharge electrode connected to high voltage. 
Due to the ionisation of the medium, which gener-
ates plasma around the electrode, the movement of 
charges is possible (Fig. 12) [32]. The ions either 
lift the electric charge to a lower potential region 
that is around the collecting electrode or recom-
bine to form neutral atoms again. If the discharge 
electrode has a very small radius of curvature or is 

a thin conductor, a large potential gradient is gen-
erated around it. A sufficiently low voltage does 
not allow the formation of a plasma channel, but is 
quite high so that the medium is partially ionised 
and a corona discharge is created. When the volt-
age in the conductor increases and the intensity of 
the critical field approaches about 30 kV per cm, 
initial discharges appear, but only on the surface 
of the conductor [32–34]. The necessary condi-
tions for the formation of a corona discharge are 
expressed by the following equation.

 𝑈𝑈0 = 𝑚𝑚0𝑔𝑔0𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿 (
𝑠𝑠
𝑟𝑟)                                                        (5) 

 
 (5)

where: U0 – discharge voltage, m0 – cable ir-
regularity coefficient, r – wire radius, 

Fig. 11. Graphs of the arc discharge energy 
rate compared to the current [30]
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s – distance between cables, δ – density 
factor, g0 – critical potential gradient.

Corona discharges in medium- and high-
voltage electrical systems are inevitable. Factors 
influencing the level of corona discharge include:
 • atmospheric conditions: pressure, temperature 

and humidity;
 • size and shape of the cables - the inevitable 

consequence of reducing the diameter of the 
cables, which decreases due to  the action of 
the electric arc and wear due to friction [6]) is 
the formation of the crown;

 • spacing between cables: the greater the dis-
tance, the less likely a corona will occur; 

 • the difference in potential between sections 
can be caused by recovering part of the brak-
ing energy of a train that was previously trav-
elling through one of the sections. 

When the passive electrode is covered with 
a dielectric layer of high resistivity (which in the 
case of rail traction may be related to, for exam-
ple, floating coal dust from transported wagons) in 
the presence of a normal corona discharge, back-
corona discharge occurs. Due to the presence of 
the dielectric, the ion current does not flow freely 
in the interelectrode area because the charge from 
the corona discharge causes accumulation on the 
dielectric surface and also causes also an increase 
in the strength of the electric field in the entire 
dielectric area as well as a decrease in the electric 
field strength in area between the electrodes. If 
the intensity of the electric field reaches a suffi-
cient level, the dielectric layer breaks down in the 
form of narrow channels that reach the surface of 
the passive electrode. So in these craters, the ioni-
sation of gas and dielectric material occurs [35].

CONCLUSIONS

As part of the work, analyses of damage to the 
delivered, worn sectional guides made of Cu-ETP 
copper, which were used on the overhead con-
tact line, were performed. Microstructure studies 
were carried out on a micro and macro scale, as 
well as changes in the chemical composition in 
the micro-areas of damaged guides. Based on the 
obtained test results of the uses insulator guides, 
it was found the following:
1. The electric arc is the most destructive phe-

nomenon that accompany the operation of the 
the guides of section insulators made of Cu-
ETP copper.

2. Due to the high temperature caused by an elec-
tric arc, it is possible to melt a portion of the 
guide (Fig. 4), which can be very dangerous 
when having contact with peoples or infra-
structure elements during such an electric arc 
discharge.

3. The consequence of induction of an electric arc 
is the melting of the guide surface (Fig. 6, Fig. 
7a), which results in deterioration of its sur-
face condition and promotes the induction of 
an electric arc during subsequent passes of the 
pantograph through the insulator.

4. As a result of remelting of the guide surface, 
particles of materials (Fig. 7b; Tab. 2) from 
the outside (dust cloud accompanying the train 
passage, transported materials, and raw materi-
als) are feed into the material, which reduces 
the electrical and thermal conductivity, which 
increases the probability of an electric arc oc-
curring during next train run.

5. Under favourable conditions, a corona dis-
charge may occur, the destructive effect of 

Fig. 12. The mechanism of corona discharge [33, 34]
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which on the guide may be comparable to the 
action of an electric arc.

6. Elements in the upper surface microstructure 
were found to come from the external environ-
ment, so efficient saving of the insulator part is 
suggested and required just to avoid huge elec-
tric arc discharge actions.
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