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Abstract. In this paper, we present the results of the tribological studies of commercially pure copper (99.9% Cu) and a low-alloyed 

chromium bronze (Cu-0.5%Cr), contacting a graphite-containing material. The samples under study were produced with two types of 

microstructures: a coarse-grained (CG) one, having an average grain size of 100-130 µm after annealing,  and a submicrocrystalline (SMC) 

one, having an average grain size of 0.30-0.50 µm after multi-cycle severe plastic deformation (SPD) processing via equal-channel anglar 

pressing (ECAP) combined with Conform. It is shown that for the samples produced by ECAP-Conform, having an SMC structure, the 

friction coefficients are 12 - 20% lower than for the as-annealed samples, having a CG structure.  

 

KEY WORDS: TRIBOLOGICAL PROPERTIES, FRICTION COEFFICIENT; SHEAR STRENGTH OF ADHESIVE BONDS, 

COMMERCIALLY PURE COPPER AND A LOW-ALLOYED CHROMIUM BRONZE, SEVERE PLASTIC DEFORMATION. 

 
Introduction 

In the last 4 decades of the 20th century, the high-speed 

passenger transportation systems were under intensive 

development. Such systems allow for motion speeds of up to 300 – 

400 km/h, while the average speeds are only up to 160 – 200 km/h. 

In order to ensure the operation of high-speed railway lines, 

structural materials, and in particular, the materials for contact 

wires, must meet a whole range of special requirements which are 

difficult to provide when using conventional technologies. 

In the case of regular electrified railway lines, the stress of a 

contact wire does not exceed 100 MPa, and in the case of high-

speed railway lines, the tension stress of a contact wire is 250 MPa 

(2.5 times higher than in the case of regular railway lines). The 

highest allowable temperature of long-term heating is 150ºС [1]. In 

this connection, a problem arises, related to the tribological 

parameters of the contact between copper wires and graphite-

containing current collectors. 

It is known that materials with a higher hardness ensure lower 

wear and friction coefficient [2]. In most cases, there are various 

ways to increase the hardness of alloys by means of heat treatment 

[3, 4]. However, a heat treatment aimed at hardness enhancement 

does not always enable achieving the desired effect. For this reason, 

the use of copper alloys in friction units is very limited. For such 

materials, various types of thermochemical [5 - 7] and surface 

plastic treatment [6 - 8] are used, which enable increasing the 

surface strength of the materials under treatment. The drawback of 

these methods is the relatively small depth of the strengthened 

surface layer, therefore they can be used only as a finishing 

treatment or for relatively simple and low-loaded parts of 

tribocouplings. 

There are works evaluating the effect of the structural and 

phase compositions of metallic materials on their tribological 

properties [6, 7, 9 - 11]. In these works, tribological studies were 

performed on materials subjected to various types of heat treatment, 

resulting in microstructural changes. 

To date, a technology has been developed, providing an 

efficient and manifold increase in strength, while preserving a high 

technological plasticity. This technology is based on severe plastic 

deformation (SPD) processing and enables producing high-strength 

bulk billets from metallic materials [12]. Among the SPD 

processing techniques is equal-channel angular pressing (ECAP) 

[13], used, in particular, for the fabrication of long-length billets 

and effected in several deformation cycles. The essence of this 

method for the strength enhancement of a material lies in the 

maximum refinement of grain structure down to 

submicrocrystalline (SMC) and nanocrystalline (NC) sizes [14]. 

Therefore, comprehensive tribological studies of copper in different 

structural states (as-annealed and SPD-processed) are of scientific 

and practical interest. 

 

Methods for the evaluation of the integral value of the friction 

coefficent and its molecular component 

 

In the tribological studies, we used two test configurations 

shown in Fig. 1.  

 
  a          b 

Fig. 1. Tribological test configurations: a) 1 – the lower sample 

(graphite-containing plate); 2 – the upper sample (under testing); 3 

– holder; b) 1 – samples under testing; 2 – spherical indenter; 3 – 

cable; 4 – disc with a groove; 5 – current-carrying buses; 6 – 

electrically-insulating pads. 

 

The first test configuration under reciprocating motion (fig. 1, 

а) was used to evaluate the friction coefficient in the pairs «М1 

commercially pure Cu – EK-40 graphite-containing plate» and «Cu-

0.5%Cr chromium bronze – EK-40 graphite-containing plate».The 

testing conditions were as follows: the normal load Р was 80 N, the 

relative sliding velocity was 0.1 m/s, the time of each test was 60 

min. The normal load was selected based on the maximum force of 

pressing of a contact wire to a graphite-containing current collector 

in railway transport. The speed regime of the testing was 

determined by the capabilities of the employed tribometer. Time 

was set on the basis of the previous experience of such tests. The 

testing was performed at room temperature.  

The second test configuration (Fig. 1, b) was used to evaluate 

the shear strength of adhesive bonds and the adhesive component of 

the friction coefficient. Since the graphite-containing plate is a 

brittle material and an indenter made thereof cannot withstand 

normal loads while the strength of adhesive bonds is determined, it 

was proposed to coat an indenter from the Fe-18%W-4%Cr-0.8%C 

tool steel with a graphitic compound (graphitize) with a subsequent 
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drying at a temperature of 100-120оС. Hereinafter we will use the 

abbreviation «GTS» standing for «graphitized tool steel». Thus, the 

testing according to the second test configuration was conducted in 

the contacting pairs «commercially pure copper – Fe-18%W-4%Cr-

0.8%C GTS» and «Cu-0.5%Cr chromium bronze – Fe-18%W-

4%Cr-0.8%C GTS». For this purpose, samples were prepared from 

commercially pure Cu and the chromium bronze in the initial (CG) 

structural state (after annealing), and in the SMC and NC states after 

4 cycles of SPD processing by ECAP-Conform. The samples under 

testing had the shape of a disc with a diameter of 10 mm and a 

thickness of 3 mm. The spherical indenter had a sphere radius of 2.5 

mm, and the thickness of the graphitic material applied onto the 

indenter's spherical surfaces was about 50 µm. The testing was 

performed at temperatures of 20; 150; 250 and 450оС, using a one-

ball adhesion tester [15]. There is a physical model underlying this 

method, which in a first approximation reflects the actual friction 

conditions in a local contact. 

According to this model, a spherical indenter 2, imitating a 

single asperity of the contact spot between the rubbing solid bodies, 

compressed by two plane-parallel samples 1 (with a high precision 

and cleanliness of the contacting surfaces), rotates under a load 

around its axis. The force F expended on the indenter rotation and 

applied to the cable 3, laid in the groove of the disc 4, is primarily 

related to the shear strength τn of adhesive bonds. In order to use 

this method at elevated contact temperatures, a special apparatus 

has been designed that enables producing the electric-contact 

heating (through the buses 5 isolated from the body by pads 6) of 

the contact zone.  

The initial roughness of the contact surfaces of the tested 

samples and the indenter in both test configurations was 0.06 – 0.16 

µm in the Ra scale. The roughness of the samples was measured 

using an SE-3500K 2D-3D profilometer-profilograph. 

The shear strength of adhesive bonds 
n  (МPа) was 

determined from the relation: 
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where d1,2 are the diameters of the impressions on the tested 

samples, mm; М is the moment of indenter rotation, N mm. 

 

The adhesive component of the friction coefficient was 

determined as:  
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where Р is the force of compression of the samples, N. 

 

Before and after the tribological tests in accordance with the 

first test configuration (Fig. 1, а), the tested samples from 

commercially pure Cu were studied to determine the 

microhardness H, using a Micromet-5101 device under a load of 

0.98 N with exposure to the load for 15 s.  

 

Results of finding the friction coefficient and the strength of 

adhesive bonds under elastic contact conditions 

 

The results of the tribological tests performed in accordance 

with the first test configuration (Fig. 1, a) in the friction pairs 

«commercially pure Cu – EK-40 graphite-containing plate» and 

«Cu-0.5%Cr chromium bronze – EK-40 graphite-containing plate» 

are presented in Fig. 2.  

 
Fig. 2. Friction coefficent as a function of the distance of friction: 1 

– commercially pure Cu with a CG structure; 2 – commercially 

pure Cu with an SMC structure; 3 – Cu-0.5%Cr chromium bronze 

with a CG structure; 4 – Cu-0.5%Cr chromium bronze with an 

SMC structure. 

 
As revealed by the presented diagram, the friction coefficient 

values obtained for the as-annealed samples from both 

commercially pure Cu (curve 1) and the Cu-0.5%Cr chromium 

bronze (curve 3), are higher than those for the samples from the 

same materials processed by ECAP-Conform and having an SMC 

structure (curves 2 and 4). It should be noted that after the friction 

coefficient grows, as the distance of friction increases, the samples 

from the chromium bronze having a CG microstructure demonstrate 

a tendency for a slight decrease in the friction coefficient. It should 

be mentioned that the results obtained for the samples from the low-

alloyed chromium bronze Cu-0.5%Cr having a CG structure (curve 

3) show a slight decrease in the friction coefficient with increasing 

distance of friction. This fact can be attributed to a further increase 

in strength resulting from work hardening and a local structure 

refinement on the friction surface, followed by a transfer of 

chromium particles to the graphite-containing material used as a 

counterbody. The local structure refinement promotes activation of 

grain boundaries and enhancement of the diffusion interaction 

between the components of the Cu-0.5%Cr chromium bronze, 

having a CG structure, and the carbon in the graphite-containing 

material. This assumption requires further study.  

As a result of finding the strength of adhesive bonds, it was 

established that in the case of commercially pure Cu, as the testing 

temperature is increased from room temperature to 150оС, the 

adhesive component of the friction coefficient practically does not 

change and equals 0.082 for the CG material and 0.061 for the SMC 

material. As the temperature increases further, from 150оС to 

250оС, there is observed a steady growth in the adhesive component 

of the friction coefficient from 0.082 to 0.09 for the material with a 

CG structure and from 0.061 to 0.069 for the material with an SMC 

structure. The observed change is evidently related to the structural 

and phase transformations, as well as the diffusion processes 

occurring at grain boundaries in a temperature range of 150 – 

250оС. Thus assumption requires further studies. As the temperature 

is further increased to 450оС, the values of the adhesive components 

of the friction coefficients practically do not change.  

In the case of the samples from the low-alloyed chromium 

bronze Cu-0.5%Cr, with increasing temperature the ahesive 

component of the friction coefficient monotonically grows in both 

structural states, and there is some stabilization of the values in a 

temperature range of 350 – 450оС. 

Fig. 3 presents the curves illustrating the results of the 

evaluation of the friction coefficient's adhesive component as a 

function of the temperature of testing performed using a one-ball 

tribometer according to the test configuration shown in Fig. 1 (b).  

 

 

Fig. 3. The adhesive component of the friction coefficient as a 

function of temperature: 1 – commercially pure Cu with a CG 

structure; 2 – commercailly pure Cu with an SMC structure; 3 –

Cu-0.5%Cr chromium bronze with a CG structure; 4 – Cu-

0.5%Cr bhromium bronze with an SMC structure.  
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From the analysis of the results of finding the shear strength of 

adhesive bonds in the contact pairs «commercially pure Cu – Fe-

18%W-4%Cr-0.8%C GTS» and «chromium bronze Cu-0.5%Cr – 

Fe-18%W-4%Cr-0.8%C GTS», it was established that the adhesive 

component of the friction coefficient is higher for the CG samples 

than for the samples with an SMC structure in the whole range of 

temperatures under investigation.  

Table 1 lists the experimentally found values of the adhesive 

and deformation components of the friction coefficient at room 

temperature for commercially pure Cu and the Cu-0.5%Cr 

chromium bronze in different structural states. 

 

Table 1. Values of adhesive and deformation components of the 

friction coefficient at room temperature 

Material 

Adhesive 

component of 

the friction 

coefficient (fa) 

Deformation 

component  of the 

friction coefficient 

(fd)
* 

Cu(CG) 0.082 0.080 

Cu(SMC) 0.061 0.010 

Cu-0.5%Cr(CG) 0.055 0.028 

Cu-0.5%Cr(SMC) 0.051 0.024 

* The deformation component of the friction coefficient was 

determined as: fd = f - fa [5]. 

 

It can be seen from table 1 that in the studied friction pairs in a 

dynamic contact an essential role is played by the adhesive 

component both for the materials with a CG structure and for the 

materials with an SMC structure. However, it was noted that for the 

commercially pure Cu samples there is a large difference between 

the deformation components of the friction coefficient, depending 

on the material's structure. For the Cu samples with a CG structure 

the value of fd is 8 times higher than the corresponding value for the 

SMC material. Apparently, this is related to the fact that 

commercially pure Cu with an SMC structure has a greater 

tendency for sticking. No such difference has been found in the Cu-

0.5%Cr chromium bronze.  

The values of the adhesive and deformation components of the 

friction coefficient for the chromium bronze samples have a small 

difference in the case of different microstructures. This observation 

is apparently an indirect evidence of the greater tendency of the 

commercially pure materials (in our case, Cu) for strain hardening. 

The obtained results are in good correlation with earlier 

studies [17, 18].  

 

Analysis of the friction surfaces of the as-annealed samples 

prior to and after the tribological tests 

 

Prior to conducting the tribological tests according to the 

reciprocating-motion test configuration and afterwards, we 

performed chemical analysis of the investigated copper, bronze and 

graphite-containing samples (the graphite-containing samples were 

studied only in the condition after the tribological tests). For this 

purpose, we used an S-3500N scanning electron microscope with an 

EDS attachment for chemical analysis.  

The analysis results show that the friction surface of the 

commercially pure Cu М1 in the process of its frictional interaction 

with a graphite-containing plate becomes saturated with carbon and 

oxygen.  

Fig. 4, а) shows the friction path formed as a result of the 

frictional interaction between the investigated sample from the 

commercailly pure Cu М1 and the graphite-containing plate. From 

the analysis of the topography of the surface shown in Fig. 4, b), it 

has been established that carbon is present on the furface in a free 

state, in the form of particles flaked from the graphite-containing 

plate. Oxygen is apparently in a bound state, in the form of oxides. 

Previously, it was noted elsewhere [17, 18] that the frictional 

interaction and structural changes initiate the process of oxygen 

content growth on the friction surfaces of metallic materials.  

 

 
 

Fig. 4. Images of the friction surface of the commercially pure Cu 

М1: а) – general view of a portion of the friction path; b) – 

topography of the friction surface with marked carbon and oxide 

particles. 

 

The chemical analysis of the friction surface of the graphite-

containing plate reveals that during the frictional interaction of the 

investigated pair in the conditions of the experiment, there is 

observed a transfer of copper particles onto the friction path. The 

chemical analysis results are presented in Fig. 5. 

 

Graphite-containing plate  

 
Fig. 5. Spectrum of chemical element distribution on the friction 

surface of the graphite-containing plate after the frictional 

interaction with commercially pure Cu. 

 

The spectrum of the friction surface shows such chemical 

elements as carbon (the basis of the graphite-containing plate), 

oxygen and copper. The latter two are in the form of traces.  

Approximately the same results were obtained as a result of the 

tribological studies of the low-alloyed chromium bronze.  

It should be noted that the chromium content on the friction 

surface of the chromium bronze is 1.5 times lower, as compared to 

the initial state prior to the tests. This could be related to the fact 

that the chromium-containing compounds were coagulated in a 

limited volume and in the process of friction partially transported  

onto the friction surface of the graphite-containing plate. 

Fig. 6, а) shows the friction path on the chromium bronze after 

its frictional interaction with the graphite-containing plate. It is 

assumed that chromium and the chromium-containing compounds 

are present on the friction surface in the form of narrow bands, 

positioned along the direction of friction (Fig. 6, b).  

 

 
Fig. 6. Image of the friction surface of the Cu-0.5%Cr chromium 

bronze: а) – general view of a portion of the friction path; b) – 

topography of the friction surface with the marked dispersed 

particles of carbon, chromium and oxides. 

 

The chemical analysis, the results of which are presented in 

Fig. 7, reveals that the chromium particles, in the form of traces, 

have also been transferred from the chromium bronze surface onto 

the graphite-containing plate. 

 

b) a) 

b) a) 
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Graphite-containing plate  

 
Fig. 7. . Spectrum of chemical element distribution on the friction 

surface of the graphite-containing plate after the frictional 

interaction with the chromium bronze. 

 

Main conclusions 

 

1. As a result of a comprehensive evaluation of the tribological 

properties of commercially pure Cu and the low-alloyed chromium 

bronze, having different microstructures, it has been found that in 

the investigated contact pairs, regardless of the structural state of 

Cu and chromium bronze, the adhesive component of the friction 

coefficient has a considerable value. In the commercially pure Cu 

samples, there is observed a large difference between the adhesive 

and deformation components of the friction coefficient, depending 

on the material's structure – for the Cu samples with a CG structure 

the values of fd are 8 times higher than the respective values for the 

SMC material; 

2. We have obtained the correlation dependencies, considering 

the different structural states of the investigated materials, for the 

contact pairs «М1 commercially pure Cu – EK-40 graphite-

containing plate» and «Cu-0.5%Cr chromium bronze – EK-40 

graphite-containing plate» (for the evaluation of the friction 

coefficient's integral value at room temperature), and the contact 

pairs «commercially pure Cu – Fe-18%W-4%Cr-0.8%C GTS» and 

«Cu-0.5%Cr chromium bronze – Fe-18%W-4%Cr-0.8%C GTS» 

(for the evaluation of the friction coefficient's adhesive component 

at different temperatures). We have established that for 

commercially pure Cu and the low-alloyed bronze, the integral 

values of the friction coefficient and their adhesive components are 

structurally sensitive parameters, and their values are lower for the 

samples with an SMC structure than for the samples with a CG 

structure; 

3. The chemical analysis of the friction surfaces of the samples 

and the graphite-containing plate has shown a mutual transfer of 

chemical elements, as well as an increase in the oxygen content, 

which is an evidence of the activation of the friction surface, 

resulting from the frictional interaction, and structural 

transformations in the near-surface layers. 
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