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Abstract
This study is dedicated to assessing the friction properties and vibration characteristics of the friction process of
a hard alloy based on tungsten carbide with an experimental binder (5.65% Co+ 1.8% Mo+ 0.6% Ti), created
based on the standard VK8 grade by partially replacing cobalt with a Mo+Ti metal group. Tribological tests were
carried out without the use of a lubricant according to the “pin-on-disk” scheme during frictional interaction with
steels 15Kh2NMFA and 10GN2MFA at constant load and sliding velocity. During the experiments with steel
10GN2MFA, growth of the intermediate layer in the gap between the elements of the friction pair was observed,
subsequently resulting in a wider spacing between the friction bodies over time. However, no statistically
significant differences were found in the gap thickness and/or roughness of the friction surfaces depending
on the hard alloy grade, while the friction coefficient of the experimental composition was lower. Similarly,
no significant differences in the friction surface microrelief changes on the counterbodies were found when
studying the frictional interaction between samples and steel 15Kh2NMFA. However, the friction dynamics
of the experimental hard alloy is characterized by lower friction coefficients and smaller thickness of the
intermediate layer, as well as reduced amplitude of vibrations generated by the tribosystem dynamics itself.

Keywords Hard alloys · Friction coefficient · Dissipative structures · Friction surface roughness · Kinematic
disturbances

Introduction

Hard alloys have found widespread application in many industrial sectors, for instance, as a material of choice
for producing working parts of the drilling machines in the mining industry, manufacturing punches and dies for
cold stamping, as well as fabricating machine-tool components and fixtures intended for operation as heavily
loaded elements of a friction pair subjected to high-intensity wear. Hard alloys are also extensively used to
manufacture metal-cutting tools. The percentage of hard alloy tools employed in the modern metalworking
production accounts for at least 65% of the total volume. This is due to their advantages in terms of physical,
mechanical, and cutting properties compared to other cutting materials, which make hard alloys some of the
most prevalent powder metallurgy products in the world [1, 2].
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Table 1 Properties of hard alloy 2.22 with modified (Co+Mo+Ti) binder
Alloy Composition Physico-mechanical properties

WC Binder Entropy, J/(mol�deg) HRA Σb, MPa Density
ρ, g/cm3

WC Binder

2.22 91.95% 5.65%Co+1.8%Mo+0.6%Ti 35.6 29.72 35.13 1354 14.21

BK8 base 92% [7.5–8]%Co 28.5 88.0 1700 14.5–14.8

Hard alloys consist of refractory carbides, nitrides, or carbonitrides of metals, embedded within a ductile
metallic binder. In WC-based alloys, the most common binder is cobalt. Therefore, one of the main directions
in terms of improving the existing and developing new grades of hard alloys is to partially replace this expensive
and scarce element with other metals [3–6]. Such modification of the cobalt binder makes it possible to create
new hard alloy compositions without significant reduction in cutting properties (or even with some improvements
in certain characteristics), while reducing their cost.

Metal-cutting tools with hard alloy-based working parts are widely used when machining materials intended
for manufacturing various parts of nuclear reactors, and specifically, when performing edge-cutting operations,
such as longitudinal turning, boring, and milling. Typically, high-quality high-alloy structural steel 15Kh2NMFA
is used to obtain blanks intended for the manufacture of casings, covers, and other components of the nuclear
power plant reactor systems and equipment, while heat-resistant high-alloy steel 10GN2MFA is used for pro-
ducing components of steam generators, pressure compensators, manifolds, and other units.

In the experimental compositions created based on alloy VK8, cobalt was partially replaced with a Mo+Ti
metal group [7]. This resulted in a series of hard alloys exhibiting higher thermodynamic stability of the
structural components, better electrochemical resistance, and improved tribotechnical characteristics [8–10].
The new binder used in these compositions is characterized by higher thermal entropy compared to pure cobalt.
According to the results of the earlier studies, one of the most promising compositions containing a modified
(Co+Mo+Ti) binder is the alloy provisionally designated as 2.22. The chemical composition and physico-
mechanical properties of such alloy are shown in Table 1.

The tribotechnical properties of a tool-grade cutting material, which interacts with the material of the work-
piece subject to machining, affect the thermal conditions of the cutting zone and largely determine the wear
resistance of such material, as well as a number of other important characteristics of the cutting process [11, 12].
Therefore, studying such properties, especially in relation to newly created materials, is of significant scientific
and practical interest. This research is dedicated to analyzing the process of unlubricated friction between the
experimental tungsten carbide-based hard alloy and steels used to fabricate components of nuclear reactors. This
work was conducted as part of a comprehensive study of the performance and tribotechnical characteristics of
experimental hard alloy compositions containing a modified cobalt binder.

Materials and procedures

Hard alloy samples measuring 5× 5× 10mm were tested in a T-11 friction machine (Poland) according to the
“pin-on-disk” scheme. Reactor-grade steels 15Kh2NMFA and 10GN2MFA were used to create a counterbody
in the form of a disk measuring 25.4mm (100) in diameter. The initial roughness of the contact surfaces of the
samples was Ra= 0.15µm. The experiments were conducted at a constant sliding velocity of v= 0.4m/s and
a load of P= 20N for 2000s (sliding distance—800m). Each test was repeated at least 5 times. Statistical data
treatment was conducted based on the analysis of variance of the results using MathCAD standard functions
according to the procedure described in Ref. [13]. The friction process was analyzed in terms of friction
coefficient (f) and indenter displacement (Y) relative to the counterbody (linear tribocouple wear) depending on
the friction path (L). To assess the vibration characteristics, a shaker table was used, which included a vibrator
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Fig. 1 Dynamics of friction coefficients (f) for alloys VK8
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Fig. 2 Curves describing indenter displacement Y(t) relative
to the counterbody during friction between alloys and steel
10GN2MFA

(model AP2089-100-3.3-02 B), an external DA/AD converter module (model E14-440) to perform conversion
of data received from the vibration sensors, and a signal amplifier. Visualization and recording of analog signals
were carried out using L-Graph software with subsequent digital processing in MatLab.

Results and discussion

As a result of studying the process of friction between hard alloys and steel 10GN2MFA, it was shown that ex-
perimental hard alloy 2.22 exhibits lower friction coefficient values. The variations of the friction coefficients (f)
with time (T) for the given material combinations are shown in Fig. 1.

The readings of the sensor measuring indenter displacement relative to the rotating counterbody are shown
in Fig. 2. The Y(T) curve characterizes changes in the tribo-contact geometry relative to its initial state as the
system evolves. In all conducted experiments, a gradual distancing of the indenter was observed, indicating
an increase over time in the thickness of dissipative structures formed in the gap between the elements of the
friction pair. As a result of such an evolution scenario of the tribosystem, the spacing between the interacting
bodies increases, leading to a reduced likelihood of contact between surface microroughnesses. In this case,
parameters characterizing the tribosystem performance (i.e., wear intensity, friction coefficient, friction surface
roughness, amplitude-frequency components of vibrations) are largely determined by the properties of the
dissipative structures in the gap between the elements of the friction pair in combination with the tribomechanical
properties of the materials in the places of direct alloy-to-metal contact.

During friction against steel 10GN2MFA, deviations of the final position of the indenters relative to the zero
point were insignificant (δ2.22= δVK8= 3–5μm). In addition, no significant differences in the roughness of the
friction surfaces were detected. The average values of these parameters were Ra2.22 = 1.38 and RaVK8= 1.61μm.

During friction against steel 15Kh2NMFA, the experimental hard alloy exhibited lower friction coefficients
(f2.22 = 0.54) compared to alloy VK8 (fVK8= 0.68). There were no significant differences in the surface microrelief
changes of the counterbody friction tracks. The average roughness values were Ra2.22= 1.13 and RaVK8= 1.45μm.
A significant difference was recorded in the thickness of the intermediate layer for the experimental composition
(δ2.22= 5μm) and alloy VK8 (δVK8= 25μm). Besides the friction coefficient and the quality of the contact surfaces,
dissipative structures may exert varying effects on the evolution of the tribosystem. Such a significant difference
in the thickness of the intermediate layer should also be reflected in the vibration characteristics of these
tribosystems. Depending on the chemical composition and rheological properties, the intermediate layer may
cause a damping effect or, on the contrary, promote amplification of oscillations in the system.

Vibrations generated by the “hard alloy-15Kh2NMFA” tribocouple are shown in Fig. 3. The graphs demon-
strate readings obtained from a vibration accelerometer (pos. 1) and data treated using digital bandpass filtering
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Fig. 3 Vibration character-
istics of the process of fric-
tion between hard alloys
and steel 15Kh2NMFA:
a alloy VK8; b alloy 2.22.
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(pos. 2) in the MatLab Signal Processing Toolbox application. The process of friction between the two studied
material pairs demonstrates different vibration generation dynamics, which may be due to different physico-
chemical properties of the materials, which in turn affect the intensity of the generated oscillations, their period-
icity, and shape. Such effects have been discussed multiple times in the past [14–17], however, the mechanism
and nature of their occurrence as applied to the most common tool-grade cutting materials used in the field
of metalworking production still remain to be fully uncovered. In case of alloy 2.22, during the initial friction
period, vibrations in the tribo-contact zone noticeably decrease after some running-in of the materials. In the
experiments with alloy VK8 alloy, on the contrary, a non-uniform generation of oscillations in the friction
system was observed.

While analyzing the results of vibration monitoring, a dynamic reorganization of the friction process was
established, observed in terms of vibration time paths (Fig. 4). In this case, the dynamic friction system exhibited
the formation of periodic pulse structures. This effect was more pronounced in the experiments involving alloy
VK8, in which case periodic friction zones were observed in the low-frequency range of the vibration sequence,
near the natural frequencies of the system. Moreover, the transition to a new oscillation period practically occurs
throughout the entire duration of the impulse response of the system (see Fig. 4a). Along the low-frequency
oscillation component, sections of stable motion can be seen, which transform into attracting sets of the type
of a tunable-amplitude limit cycle.

Despite the smaller thickness of the intermediate layer in case of friction involving hard alloy 2.22, vibration
amplitude past the running-in period is two orders of magnitude lower compared to alloy VK8, while vibration
dampening occurs more intensively. In this case, the operating tribosystem exhibits high-frequency self-oscil-
lations, traditionally considered in nonlinear dynamics, which in phase space correspond to an attracting set of
the “limit cycle” type (see Fig. 4b).

Conclusion

As a result of tribological tests of hard alloys VK8 and 2.22 during dry friction against steels used for man-
ufacturing components of nuclear reactors, it was established that the experimental ally 2.22 demonstrates an
improvement in certain characteristics of the frictional interaction process. For instance, in experiments with
steel 10GN2MFA, a distancing of the hard alloy indenters from the rotating counterbody was observed due
to the increasing thickness of dissipative structures, which was similar for both studied alloys. No statistically
significant differences in the friction surface microrelief changes were detected on the counterbodies. However,
the formed layers exhibited different shear resistances, which affected the friction coefficient value of the ex-

K Metallurgist

https://doi.org/10.1007/s11015-024-01663-z


https://doi.org/10.1007/s11015-024-01663-z 1693

Fig. 4 Tribosystem evo-
lution section displaying
dynamic reorganization
of the friction process in
the vibration sequence for
alloys VK8 (a) and 2.22 (b)
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experimental alloy (f= 0.38) compared to that of alloy VK8 (f= 0.61). During the process of friction of samples
against steel 15Kh2NMFA, the thickness of the intermediate layer formed in the experiments with alloy 2.22
was five times less compared to alloy VK8. As a result, lower friction coefficients and more favorable vibration
characteristics of the friction process were recorded for the “alloy 2.22—steel 15Kh2NMFA” tribocouple
compared to the base composition. Therefore, it can be concluded that the properties of the dynamic friction
system change depending on the chemical composition and physico-mechanical characteristics of the studied
hard alloys. Lower friction coefficients of the “tool—workpiece material” friction pair result in reduced cutting
forces and, as a consequence, in lower consumption of energy required for machining. Lower cutting forces in
case of the experimental alloy will also result in reduced amount of heat generated by friction on the contact
surfaces of the tool and, hence, lower temperature in the machining zone.
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