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Introduction. Various materials based on tungsten carbide, including hard alloys (HA), are widely used in 

many branches of modern production due to a number of advantages of their physical and mechanical properties [1–3]. 

The largest share (about 65%) of tool cutting materials (TCM) used in metalworking also belongs to HA that provide 

high cutting speeds when processing various structural materials [1, 3].  Currently, many directions related to improving 

the HA performance characteristics by various methods are being developed [4–6]. 

One of them is the creation of new binder compositions for carbide phases [7–9]. Experimental hard alloys 

(EHA) based on single-carbide alloy VK8 with various types of modified binders1 have been developed at the Metal-

Cutting Machines and Tools Department, Don State Technical University. Despite the fact that cobalt, because of its 

properties, is the most common binder for WC, the use of this metal is economically unprofitable due to its scarcity and 

high price. Experimental alloys are characterized by high values of the thermal entropy of the modified cobalt binder 

(Table 1) and, consequently, lower thermo-emf with respect to tungsten carbide, which increases the electrochemical 

stability of these materials [9–11]. Among the materials processed with a carbide tool, titanium-aluminum alloys and 

austenitic stainless steels can be distinguished. Due to a number of characteristics, these materials are used for the 

manufacture of parts in the most critical areas of mechanical engineering, including aerospace, nuclear, food, and 

medical production. Due to a number of characteristics, these materials are used for manufacturing parts in the most 

critical areas of mechanical engineering, including aerospace, nuclear, food and medical production. Cutting of titanium 

alloys and stainless steels is difficult due to their low thermal conductivity, high cutting forces, as well as unsatisfactory 

tribotechnical characteristics [12]. In this regard, the investigation of the features of the frictional interaction of newly 

developed TCM with the mentioned materials is an urgent task. Taking into account modern environmental and 

economic requirements for the organization of production, the processing of these structural materials takes place 

mainly in the mode of minimum output (MQL - minimum quantity lubrication) or without the use of lubricant-cooling 

process media (LCPM) [13, 14].  

Then, the contact areas of the TCM and the workpiece material to be processed on the front and rear surfaces 

of the cutting tool can be considered as tribosystems operating in the friction mode without LCPM or in the mode of 

boundary friction. This does not exclude a significant proportion of metal contact. In this case, the operational 

parameters of the TCM, as an element of the friction couple, will be significantly effected by its tribotechnical 

characteristics in the dry friction mode.  

The presented paper is devoted to investigating tribotechnical characteristics of experimental hard alloys under 

dry friction on hard-to-cut materials, as well as to determining the optimal combination of “EHA — structural material” 

from the point of view of frictional interaction. This work is part of a complex of studies on physico-mechanical, 

tribological and cutting properties of experimental HA with modified cobalt binder. 

Materials and Methods. The following HA compositions were selected as objects of study of surface 

mechanical characteristics (Table 1). Tribological tests were carried out on square-section indenters (a=5 mm, Ra=0.1-

0.12 µm) of the three most promising compositions (2.21, 2.22, and 2.23) on tribometer T-11 (Poland) implementing a 

“finger-disk” friction scheme. During the experiments, a change in the friction force (F, N) was recorded depending on 

the friction path (L, m). Each experiment was repeated 3–5 times, the experimental results were processed using 

methods of dispersion analysis [0]. Titanium alloy VT3-1 and stainless steel 12X18H9T were selected as the material of 

the rotating disk (counterbody); the surface roughness of these samples was within Ra 0.12–0.15 µm. 

 

 

                                                 
1 Ryzhkin AA, Meskhi BCh, Bokov AI, et al. Hard alloy based on tungsten carbide (options). RF patent no. 2531332, 2014. (In Russ.) 
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Table 1 
EHA chemical composition and thermodynamic properties 

Carbide grade Composition  
Entropy, J/mol·deg 

0
298( )WCS  .

0
298)( связS  

1 2 3 4 

2.19 
92.63% WC+7.37%[1.52%Со+ 

+5.03%Fe+0.82%Cu] 

35.6 

28.60 

2.20 92.38% WC+7.62% [3.6%Со+ 

+3.2%Fe+0.82%Cu] 29.31 

2.21 92.45% WC+7.55% [5.3%Со+l.43%Fe+0.82%Cu] 29.83 

2.22 91.95% WC+8.05% [5.65%Со+l.8%Mo+0.6%Ti] 29.72 

2.23 91.59% WC+8.41% [5.1%Со+2.7%Mo+0.61%Ti] 29.59 

2.24 90.62% WC+9.38% 

[3.34%Со+5.44%Mo+0.6%Ti] 29.22 

VK8 
(Basic) 

92% WC + [7.5–8]%Co, Fe≤0.3% 28.50 

 
The studies were carried out at different sliding speeds and temperatures at constant load P=20 N. The mass of 

the samples was determined on LV 210-A balance. The roughness of the friction tracks on the counterbody after the 

experiments was measured on the Abris-PM7 profilometer (Russia). The dynamic microhardness of the EHA surfaces 

was determined using a scanning nanohardness tester NanoSCAN-01 (Russia) through analyzing the thickness of 

scratches applied with different forces. The studies on worn surfaces of EHA samples were carried out on inverted 

ZEISS AxioVert. A1 microscope. 

Research Results. The smallest width h of scratches applied by various forces Fs belongs to alloys 2.22 and 

2.23, the binder in which was modified by Mo-Ti group (Table 2).  

Table 2 
Scratch width h under various forces Fs according to the results of EHA sclerometry 

Fs, N 

h, µm 

Carbide grades 

2.19 2.20 2.21 2.22 2.23 2.24 VK8 

5 0.3 0.2 0.5 - - 1.5 1.1 

15 1.3 1.3 1.5 0.7 1.2 2.5 1.8 

25 2.4 1.8 2.4 1.2 1.8 3.3 2.9 
 

 
Thus, these materials are characterized by the highest surface hardness at the micro-level, which implies better 

resistance to abrasive wear. It must be said that no noticeable changes in the surface microrelief were detected in these 

alloys under forces Fs<15 N. The lowest microhardness according to the test results was demonstrated by composition 

2.24.   

To determine and compare the HA wear resistance, the mass loss of the indenter was measured for each value 

of friction path L, and then the volumetric wear of samples ΔV was determined (Fig.1, 2). 
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а)                                b) 

Fig. 1. Volumetric wear of EHA indenters under friction on titanium alloy VT3-1 at temperatures: a) 25° C; b) 300° C 

Under friction on a titanium alloy at different temperatures, the greatest volumetric wear ΔV was observed in 

alloy 2.22. The best wear resistance was demonstrated by composition 2.23 (Fig. 1). Under friction on stainless steel, 

the lowest values of parameter ΔV were recorded for composition 2.22 (Fig. 2). In this case, the greatest volume wear 

also belongs to the HA experimental compositions. At room temperature, alloy 2.21 demonstrates the highest wear 

intensity, and, when the friction zone is heated, the maximum wear values are fixed for composition 2.23.  
 

 
                                               а)                                    b) 

 

Fig. 2. Volumetric wear of EHA indenters under friction on stainless steel 12X18N9T at temperatures: a) 25о С; b) 300о С  

The surfaces of indenters made of alloys that have demonstrated maximum volume wear are characterized 

either by the predominance of worn areas, or the original surface of the material is preserved only in the form of 

individual rare fragments. Figure 3 shows pictures of the surfaces of indenters made of alloys 2.23 and VK8 after 

friction on 12X18N9T steel at a temperature of 300° C for friction path L=600 m.  

The surface of the more wear-resistant alloy 2.22 has a spotted structure with a predominance of initial unworn 

areas (Fig. 3 a). The surface of the base alloy VK8 is characterized by a large scale of destruction, rare fragments of the 

initial surface are discretely located, their total area is much smaller (Fig. 3 b). 

The frictional interaction of friction couples was estimated through comparing the average values of friction 

coefficient fср and its fluctuations without taking into account the run-in stage I (Fig. 4 a, b). The comparison of the 
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friction coefficient fluctuations was carried out by standard deviation σср of this parameter from fср at the steady-state 

friction stage II.  

 
                                                      а)                b) 

Fig. 3. Comparison of surfaces of indenters of alloys 2.22 (a) and VK8 (b) after friction on 12X18N9T stainless steel  
(Т=300о С, v=0.3 m/s): 1 — worn surface areas; 2 — fragments of the initial surface 

 
The surface of the more wear-resistant alloy 2.22 has a spotted structure with a predominance of initial unworn 

areas (Fig. 3 a). The surface of the base alloy VK8 is characterized by a large scale of destruction, rare fragments of the 
initial surface are discretely located, their total area is much smaller (Fig. 3 b). 

The frictional interaction of friction couples was estimated through comparing the average values of friction 
coefficient fср and its fluctuations without taking into account the run-in stage I (Fig. 4 a, b). The comparison of the 
friction coefficient fluctuations was carried out by standard deviation σср of this parameter from fср at the steady-state 
friction stage II.  

 
а)                                                       b)  

Fig. 4. Dependence of friction coefficients f on path L under friction on VT3-1 alloy (Т=25о С, v=0.3 m/s): 
 a) 2.23; b) VK8: I — run-in stage; II — stable friction stage 

In the case of friction on a titanium alloy at different temperatures, the average friction coefficients and their 

standard deviations for all EHA were higher than for the base grade VK8. However, the lowest values of these 

parameters among the experimental compositions belong to alloy 2.23 (Fig. 4 a). 

Under friction on steel 12Kh18N9T, both at room temperature and with heating, the largest values of 

parameters fср and σср belong to VK8 base alloy (at 25о С: fср=0.72 and σср=0.048; at 300о С: fср=0.68 and σср=0.032). In 

this series of experiments, the minimum coefficients of friction and its fluctuations were fixed for composition 2.22. 
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Under friction without heating for this material, the values of the estimated parameters were fср=0.44 and σср=0.025, and 

at 300о С, they increased to fср=0.57 and σср= 0.029. 

The average roughness of the friction tracks on the counterbodies was measured and compared for the 

maximum value of the friction path. Under friction on steel 12Kh18N9T, the smallest values of this parameter belong to 

alloy 2.22. At a temperature of 25° C, the roughness was Ra2.22=4.12 µm, at 300о С — Ra2.22=5.12 µm. The highest 

roughness values were recorded during friction of VK8 base alloy. At room temperature, the value of this parameter 

was RaВК8=5.07 µm, with heating of the friction zone — RaВК8=5.95 µm. High roughness values indicate that the 

frictional interaction of this material and stainless steel was accompanied by larger-scale destruction under the 

formation, and destruction of adhesive and cohesive seams on the surface of the counterbody material.  

In a series of experiments with titanium alloy VT3-1, the best indicators of counterbody roughness were 

recorded after friction of the experimental composition 2.23 (Ra2.23=3.35 µm at 25о С and Ra2.23=4.54 µm at 300о С). 

The greatest surface damage was obtained for the samples after frictional interaction with alloy 2.22. The surface 

roughness during friction without heating was Ra2.22=6.88 µm, with heating — Ra2.22=8.07 µm.  

Discussion and Conclusions. As a result of the study of the tribological characteristics of experimental hard 

alloys under friction on hard-to-cut materials, the best combinations in terms of the frictional interaction of a pair of 

materials have been established. For stainless steel 12Kh18N9T, the best tribological parameters were recorded under 

friction in combination with alloy 2.22, for titanium alloy — with composition 2.23. The friction process for these 

combinations of materials at different temperatures is characterized by minimal volumetric wear, low coefficients of 

friction, and a smaller scale of destruction of the surfaces of both hard-alloy indenters and counterbodies made of 

structural materials. 
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