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Abstract

The article analyzes the influence of composite electrolytic coatings (CEC) on the wear resistance of
structural steels. The issues of matrix selection and various combinations in composite coatings of different
chemical elements and compounds are considered. Coatings based on chromium, nickel, iron, copper, cobalt and
others are widely used in industry, but nickel-based composite coatings are the most widely used. Nickel is
widely used as a matrix for CEC, because it has an affinity for most particles used as the second phase and easily
forms a coating with them. These coatings are used for corrosion protection, increase of physical and mechanical
and chemical parameters, increase of hardness and wear resistance, restoration of the sizes, giving to a surface of
self-lubricating properties.

Nickel-based coatings with SiC filler of various fractions from size 100/80 um to nanoparticles smaller
than 50 nm were investigated on the basis of the established installation for CEC application. Thus, SiC powders
with the following sizes were used in the works: less than 50 nm - nanoparticles; M5; 28/20; 50/40; 100/80 um.

In the studies performed, 0.01... 0.02 g/l sodium lauryl sulfate was additionally introduced into the
electrolyte, which promotes the incorporation of SiC particles into the coating and improves the conditions for
building the Nickel matrix.

Amorphous boron powders of about 1 um size were also added to the silicon carbides as a filler, which is
explained by the possibility of boron and nickel interaction during the subsequent heat treatment of the coating
and obtaining new structures (solid solutions, eutectic, dispersion-hard alloys).

It is of practical interest to study the possibility of improving the physical and mechanical properties of
nickel-based CEC by introducing metals capable of heat treatment, interact with the metal matrix to form solid
substitution solutions and chemical compounds (solid phases of implementation) and determine tribotechnical
characteristics of these coatings.

Keywords: composite electrolytic coatings (CEC), wear resistance.
Introduction

A significant contribution to the theory and practice of electrodeposition of composite electrolytic
coatings (CEC) is the work of R.S. Saifulina, Sh.Kh. Yar-Mukhamedova, V.F. Molchanova, G.V. Guryanova,
J.K. Romanauskene, G. Brown, N. Guglielmi, 1.Z. Pribish, I.G. Khabibulina, R.S. Kuramshina, V. Metzegra,
L.1. Lozytskoho, Yu.O. Guslienko, MV Luchki and others. Various combinations of different chemical elements
and compounds in composite coatings have been studied, but the main attention is paid to the technology of
application, the study of structures and the formation of various complexes of physical and mechanical
properties. Studies of CEC from the standpoint of tribotechnics are very few, or they are presented in the form of
single results, which can not give a general picture of the possible prospects for the use of CEC to increase the
wear resistance of machine parts.

The industry widely uses coatings in which the metal base is chromium, nickel, iron, copper, cobalt and
others. But the most widely used are composite coatings based on nickel. Nickel is widely used as a matrix for
CEC, because it has an affinity for most particles used as the second phase and easily forms a coating with them.
In addition, electrolytic nickel has sufficient mechanical properties, high corrosion resistance, ductility [1, 2].

Copyright © 2022 M.Ye. Skyba, M.S. Stechyshyn, V.P. Oleksandrenko, N.S. Mashovets, Y.M. Bilyk. This is an open access article
@m_ distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
& medium, provided the original work is properly cited.
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Nickel-based CEC is used in ship, automobile, tractor, aircraft, aircraft, rocket, mechanical engineering,
chemical industry, for parts and assemblies operating in particularly severe friction conditions, elevated
temperatures, in conditions of friction without lubrication, heavy loads. These coatings are used for corrosion
protection, increase of physical and mechanical and chemical parameters, increase of hardness and wear
resistance, restoration of the sizes, giving to a surface of self-lubricating properties.

CEC application technologies

In comparison with other methods of obtaining protective coatings, the technology of applying CEC is
relatively simple and is reduced to the introduction into the known electrolytes of dispersed particles of chemical
compounds maintained in suspended state by periodic or continuous stirring of the electrolyte suspension. Being
in static or dynamic contact with the cathode surface during electrolysis, the filler particles are overgrown with
the base metal. A number of works are devoted to the development of the technology of obtaining composite
electrolytic coatings (CEC) [1, 3, 4, 5]. In these works the theoretical bases of joint deposition of metal and
dispersed particles are stated, a large number of CEC of various properties and appointments is offered.

The type of dispersed materials for obtaining CEC is selected depending on the operating conditions of
the part, physico-mechanical and chemical properties of the filler and the main effect it has on the composition.

As a filler in the creation of CEC, use dispersed particles of the following materials: diamond, amorphous
carbon, boron, graphite, silicon, solid refractory compounds: oxides (Al2Os, SiO2, TiO,, ZrO,, CrO2Mo00,
Be0,2), carbides (SiC, B4C, TiC, ZrC, HfC, TaC, VC, WC), borides (TiB2, ZrB,, VB;, CrBy), nitrides (TiN, BN,
AIN, SisN43N4), silicides (MoSiz, NbSiy, TaSiz, HfSi,, WSiy), powders various metals (Ti, Mo, W), low-melting
powders (Sn, In, PI) and other particles [1-5].

The properties of CEC with different types of filler are mostly determined by the physical and mechanical
properties of the inclusions. Thus, borides have high heat resistance, hardness and pronounced metallic
properties, however, they can interact with electrolytes, and are not sufficiently stable in acids; carbides of many
metals have high hardness, heat resistance and chemical resistance; nitrides, in contrast to borides and carbides,
have lower hardness, greater plasticity, sufficiently heat-resistant; oxides are more resistant to aggressive
environments, heat resistant; silicides are promising as heat-resistant compounds, have magnetic properties and
conductivity. Substances with a layered crystalline structure are of special interest for obtaining CEC. Such
materials are the basis for self-lubricating coatings and coatings with improved antifriction properties.

The volume content of particles that can be introduced into the electrolyte depends on their shape, nature,
dispersion, electrolyte acidity, cathodic current density, location of the cathode surface (horizontal or vertical),
mixing conditions. Theoretically, when modeling the dense packaging of the dispersed phase in the form of
powders of the same size, the maximum filling of the space, provided that the spherical particles touch, is 74%.
The data presented in the monograph [65] indicate the possibility of obtaining a volume fraction of the dispersed
phase in the CEC up to 50%. Theoretical calculations and experimental data show that when real dispersed
powder particles have different shapes and sizes, when smaller particles can be located between large ones, then
the maximum volume content in the coating can reach 60%. However, in the absence of contact between the
filler particles, when a solid or frame structure of the matrix is formed, their volume fraction in the coating
reaches only 30% [6]. Therefore, this volume content of the dispersed phase can be considered the limit, at
which the particles are completely cemented by a metal matrix. The use of CEC filler powders of various nature
and dispersion can have an effect on their volume content in the coating, but usually in the direction of its
reduction.

It is established [1,3] that when using electrically conductive particles in the process of forming CEC,
their volume content in the coating is always greater than those that do not conduct current. This allows a lower
content of particles in the electrolyte-suspension to obtain a higher content in the coating compared to the use of
non-conductive powders.

Of practical and theoretical interest is the method of calculating the maximum possible production of the
dispersed phase in the CEC depending on the bulk density of the powder fraction and the deposition parameters,
which is presented in [4].

As for the dispersion of particles, many researchers believe that the optimal fraction -2 + 0.1 um, which
provides the maximum number of particles in the coating when deposited in continuous stirring on a vertical
cathode and a fraction of -50 + 40 um and above when deposited on a horizontal cathode [3,5,7].

The volume content of particles in the CEC during its production is significantly influenced by the nature
of the electrolyte, the presence of a sufficient number of particles, the cathode current density, the process
temperature and so on. The ionic composition of the electrolyte, its electrical conductivity, density, acidity,
deposition modes in different ways can affect the quality of CEC. The complexity of the deposition process, the
large number of factors that affect it, does not allow to accurately predict the optimal modes of formation of
CEC[1, 3, 4].

The basis for the installation for the formation of CEC, created at the Khmelnitsky National University
(KhNU), the task of control and regulation of the rate of deposition of electrically conductive and sedimentation
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of non-conductive particles of filler powders. This task is achieved due to the fact that in the process of
electrolysis the delivery rate of the filler particles is controlled and regulated by changing the electric field
strength using a potentiostat. [8].

Influence of filler content and electrolyte composition

The greatest influence on the content of inclusions in the coating, and, accordingly, on the physical and
mechanical properties of the coating, has the number of powder particles in the electrolyte. From the literature
data it follows [3] that with increasing concentration of both large and small particles in the electrolyte, the
number of inclusions in the coating increases. The number of particles in the CEC increases both with increasing
size of the fractions of the powders used and with increasing their concentration in the electrolyte. Moreover,
with increasing the concentration of particles to 50 kg/m? there is a significant increase in their content in the
coating. The maximum mass fraction of inclusions in the CEC is achieved at a concentration of particles in the
electrolyte of 100 kg/m?, so it can be considered optimal for all fractions of powders used.

The composition and parameters of the electrolyte affect the filler content in the coating in different ways.
Thus, it was found that the formation of particles and their overgrowth with metal easily proceeds from the
nickel electrolyte [3,5], and most difficult from the chromium electrolytes. The acidity of the electrolyte is a
determining factor in the formation of CEC, for example, on the basis of chromium and does not have a
significant effect on the production of CEC on Nickel basis. Thus, during the deposition of CEC based on Nickel
using particles up to 10 pum, the change in electrolyte acidity in the range from 2 to 5 pH units does not affect the
deposition of particles, including pH = 4-5 if the particles are larger than 20 um [ 1].

Cathodic current density and electrolyte temperature

Increasing the cathode current density has a positive effect on the overgrowth of particles. In most cases,
increasing the cathode current density leads to an increase in particle content and increase the thickness of the
coating, but there is a critical value of the cathode current density exceeding which disrupts the electrolysis
process and leads to deterioration of CEC [1,5].

The current density determines the rate of increase of the galvanic coating, but at a density of more than 2
kA/m? the surface of the coating has many defects, poor quality overgrown particles of silicon carbide of large
fractions. In addition, the possible release of hydrogen ions and the coating is then loose, spongy and with a
dendrotic structure. At a density of more than 1 kA/m? the surface has an uneven relief and high roughness.
Studies have also shown that increasing the current density for non-conductive particles of boron and silicon
carbide has virtually no effect on the bulk filling of the Nickel matrix with filler. Therefore, in our work,
electrolysis was performed at a current density in the range of 0.4... 1 kA/m? [8].

It is noted [1] that the temperature regime of electrolytes in obtaining CEC has a certain effect on the
deposition rate. This effect is especially noticeable when obtaining CEC based on metals of the iron family,
although a certain pattern of the effect of temperature on the retention of particles in the coating is not observed.

The presence of two cooling circuits on the installation developed at KhNU allows to stabilize the
electrolysis temperature in the cathode zone within + 2 °C, which also helps to stabilize the electrolysis process
in the formation of the metal matrix and in the formation of coatings with filler particles. It also allows to obtain
a coating of uniform thickness and with a lower surface roughness [8].

Electrolyte mixing rate

The mixing rate of the electrolyte-suspension has a particularly large influence on the formation of CEC
[1, 4]. Stirring of the electrolyte in the electrolysis process accelerates the process of electrochemical deposition
of metals. Stirring is also necessary to ensure that the particles of the dispersed phase (even less than 1 um),
which are in the electrolyte, are always suspended. This is especially important when using particles larger than
5 microns. It is difficult to establish the explicit regularity of the influence of the stirring speed on the production
of particles in the CEC, because it is not possible to accurately determine the rate of exit of particles in the
current. In the general case, with increasing speed of rotation of the stirrer, the content of particles in the coating
first increases, and then, when a certain limit is reached, decreases. The fraction of the filler powder has a
determining influence [1, 5].

Influence of filler type for formation of nickel CEC

The study of the influence of dispersed filler particles of various natures introduced into the electrolyte on
the process of formation of nickel CECs and their properties is devoted to works [1, 3, 4,5]. They present data on
the effect of different filler particles on the microhardness, wear resistance and internal stresses of the CEC,
determine their optimal concentrations in the electrolyte - suspension. Composite electrolytic coatings with
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inclusions of titanium, tungsten and silicon carbides have the greatest wear resistance. Zirconium and aluminum
oxides increase wear resistance to a lesser extent. In addition, carbides significantly (5-8 times) reduce the
internal stresses of CEC [2].

In [6] the influence of electrical conductivity of dispersed particles on their distribution in the nickel
matrix, structure and quality of precipitation was studied. For non-conductive particles (silicon carbide), their
uniform distribution in the matrix is characteristic, while for electrically conductive materials (chromium
carbide), this was not observed. The roughness of coatings filled with chromium carbide particles is higher than
in CEC Nickel-silicon carbide. The wear resistance of CEC increases with increasing number of particles in the
matrix [8].

Silicon carbide is recommended for the creation of compositions to increase hardness and wear resistance
under friction without lubrication and at elevated temperatures [10, 11], corrosion resistance [8]. Silicon carbide
in the nickel matrix improves the properties of the coating: microhardness increases by 1... 2.5 GPa, internal
stresses decrease by 3... 8 times, and corrosion resistance increases by 4... 50 times [6]. Silicon carbide coatings
have the best adhesion to steel compared to other fillers. The strength of adhesion to the base has the following
range, kg/cm?: 487-SiC; 213-TiC; 216-Cr7C3 [5].

In addition, silicon carbide has high mechanical properties: microhardness 29... 35 GPa, modulus of
elasticity E = 394 GPa, tensile strength -180 MPa, flexural strength -173... 225 MPa, compressive strength -800
MPa [8, 12].

Silicon carbide has a low cost and is produced in large quantities in the form of powders packaged in
fractions. Based on the above, in our work we investigated the CEC on a nickel basis with SiC filler of different
fractions from 100/80 um to nanoparticles smaller than 50 nm. Thus, SiC powders with the following sizes were
used in the works: less than 50 nm - nanoparticles; M5; 28/20; 50/40; 100/80 um. According to the sizes of SiC
particles the following designations are accepted: Ni-SiCnano; Ni-SiCs; Ni-SiCzg; Ni-SiCso; Ni-SiCioo.

Additives of surfactants

To intensify the process of deposition of CEC and improve the quality of sediments in the electrolyte is
introduced various organic and inorganic additives and surfactants (surfactants), which contribute to the receipt
of uniform and dense sediments with fine crystalline structure. It is known that the addition of soluble organic
and some inorganic substances changes the cathodic polarization and the equalizing ability of the electrolyte [9].
It can be assumed that these substances will significantly affect the process of formation of CEC. Thus, when
studying the effect of surfactants on the coprecipitation of Nickel with silicon carbide particles, it was found that
the introduction of cationic surfactants reduces the rate of SiC at low concentrations of substances in the
electrolyte and increases sharply at high, and the introduction of anionic surfactants at a certain concentration
completely stops particle deposition. The effect of anionic surfactants is associated with the agglomeration of
particles as the concentration increases and their deposition in the electrolyte; influence of cationic surfactants -
with positive charging of particles and their sedimentation with the formation of a dense layer at the cathode.

In our studies, the electrolyte was additionally injected with sodium surfactant in the amount of 0.01...
0.02 g/l, which according to [12] promotes the inclusion of SiC particles in the coating and improves the
conditions for building a nickel matrix.

Amorphous boron powders with a size of about 1 um were also added to the silicon carbides as a filler,
which is explained by the possibility of boron and nickel interaction during the subsequent heat treatment of the
coating and obtaining new structures (solid solutions, eutectic, dispersion-hard alloys).

Intensification of CEC formation processes

Among the modern innovations in the technology of electrolytic coatings are the use of non-stationary
electrical modes (reversible or pulsed currents, the application of alternating current to direct current) [11] and
the application of ultrasound in the application of electrolytic coatings [10, 11]. The use of reverse current
(current with periodic change of polarity) has a positive effect on electrode processes and increases the
productivity of electrolysis. During the anode period, the microprojections on the cathode dissolve and as a result
the unevenness of the coating and its porosity decreases. Also, the use of such modes allows to obtain a more
dispersed structure of the sludge with lower internal stresses. The use of pulsed current (current pulses with a
very short duration (<1 ms) and an amplitude that is an order of magnitude higher than the limiting current of the
process) allows to increase the deposition rate to obtain more uniform and fine crystalline sediments, but slightly
reduced (5-10%) cathode current output. The application of ultrasonic waves allows to precipitate metal at high
current densities with high current output, electrodeposition of pure metals in the presence of impurities in the
electrolyte, precipitate smooth, compact, fine with high corrosion resistance and lower internal coating stresses.
Thus, these methods can improve the structure of the coating, increase microhardness, increase wear resistance
and anti-corrosion properties.
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Combined CEC

Analysis of the results of [1-5] shows that combined electrolytic coatings based on Nickel with inclusions
of dispersed particles have a significantly higher wear resistance than coatings without particles. In the general
case, the increase in wear resistance of CEC in comparison with pure galvanic coatings is 2.5-5.0 times [2].
Comparative tests for friction and wear show a clear advantage of nickel-based CEC with inclusions of oxides,
borides, carbides, in comparison with hardened steels 45, 40X, 30HGT. It is noted that the inclusion of carbides
in nickel CEC more significantly increases the wear resistance than the inclusion of oxides, and the lowest wear
was observed for coatings containing particles of TiC, WC, Cr3C; [3]. The authors explain the increase in wear
resistance of Nickel coatings when particles are introduced into them by the fact that solid particles carry the
main load and contribute to better distribution of lubricants. Coatings with inclusions of WC particles have a
high microhardness (up to 500 kg/cm?) and, accordingly, less wear than Nickel. The wear resistance of combined
layers with SiC is almost 70% higher than for nickel without carbide. Data on the wear rate of composite
coatings after heat treatment with nickel borides and chrome coatings are also given. It is noted that CEM with
borides have the same wear resistance as chrome coatings, and sometimes exceed it.

In the absence of lubricant, galvanic coatings effectively reduce the coefficient of friction only when
applied to a solid substrate. Coating steel with copper, zinc, tin, nickel, lead can reduce the coefficient of friction.
Applying such coatings on a soft base is not acceptable for friction joints [3].

Wear and degree of destruction of CEC depend on friction conditions. At high specific loads (200 N/cm?)
plastic deformation precedes the formation of microcracks, which due to insufficient strength of adhesion of the
coating to the matrix develops mainly at the interface. For reliable operation of the friction unit, the mechanical
properties of the CEC matrix must be consistent with the external operating conditions.

The mechanical and antifriction properties of CEC have a significant effect on the crystal structure of the
particles. Borides and carbides increase the hardness of CEC most effectively. Particles with a cubic crystal
structure significantly increase the hardness of nickel coatings. This is due to a more even distribution of local
stresses in the volume of coverage and a significant improvement in the elastic properties of the matrix.

In [2,3,4,12] the hardness, wear resistance and structure of CEC on a nickel basis with microparticles of
boron carbide, chromium, silicon, titanium, industrial micropowders of carborundum and electrocorundum,
synthetic diamonds when reaching their maximum content in coverage. Increasing the concentration of
micropowder M1 from 50 to 300 ¢/l leads to an increase in the number of inclusions from 4 to 10% and
microhardness from 3.25 to 4.5 GPa. Increasing the volume fraction of silicon carbide particles from 3.8 to
18.9% increases the microhardness from 2.9 to 5.5 GPa and, accordingly, increases the wear resistance by 3
times [12,13].

According to the authors of [6], the increase in the microhardness of coatings during the introduction of
dispersed particles is associated with a change in the substructure of the deposited metals (reducing the size of
crystal blocks and increasing the density of dislocations). Thus, the existence of optimal concentrations of
particles of titanium carbide, zirconium dioxide and kaolin (30-50 g/1) in the nickel electrolyte, which correspond
to the minimum block size and maximum micro-distortion size and dislocation density. The change in the size of
the blocks in Nickel coatings is due to the different effects of particles introduced into the electrolyte on the ratio
of growth rates and passivation of crystals. According to the author, the grinding of the blocks is facilitated by
submicroscopic particles that are included in the sediment and prevent the growth of crystals by shielding their
surface. The content of particles in the electrolyte has only an indirect effect on the substructure of the matrix.
The decrease in mosaic blocks with increasing concentration of particles in the suspension can be explained by
the depassative effect of not all particles in the electrolyte, but only by the action of particles deposited on the
growth front of the matrix.

Self-lubricating CEC

Self-lubricating coatings are also used to reduce friction steam wear [2,5]. These are CECs, which contain
solid lubricant particles and have a better ability to run and reduced friction. As the second phase in such
coatings are particles of molybdenum disulfide, graphite, boron nitride and other substances. The introduction of
such particles into the matrix usually increases its plasticity and the tendency of coatings to deformation
hardening. Coatings with solid lubricants are suitable for use in vacuum conditions, and their use for air friction
units is limited by the temperature regime and the tendency to oxidation of particles and as a result the
coefficient of friction increases sharply. However, at moderate loads and sliding speeds, solid lubricants
significantly reduced the wear of CEC [14].

Thus, the dispersed particles to obtain CEC must be selected taking into account their properties, nature
and crystal structure, properties of the matrix, its crystal structure and friction conditions.

Heat treatment of CEC
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The analysis of CEC on a nickel basis testifies to wide technological possibilities of their reception and a
variety of the received structures and their properties. Electrochemically deposited metals in most cases do not
require further heat treatment and are in a state typical of metals that are subjected to low-temperature hardening.
However, due to the lack of coherent connection of particles with the matrix, it is possible to chip particles in the
process. At the same time, the level of wear resistance of CEC is low in comparison with hard chrome coverings.
In addition, electrolytic coatings, including CEC, in comparison with others have a number of disadvantages,
namely: low adhesion to the substrate, the presence of pores and microdefects, internal stresses, sludge flooding.
Therefore, many researchers [3, 4, 8,9] have studied the effect of annealing on the hardness and wear resistance
of CEC, in order to improve the strength of adhesion to the metal substrate, increase the density of sediments by
overgrowing pores, cracks and other defects inherent in electrolytic coatings. Thus, in the process of heat
treatment there is a recrystallization of the metal and a change in properties, namely the improvement of ductility
and wear resistance. In [9] studies on the effect of annealing modes on the bond strength of CEC Nickel-silicon
carbide, Nickel-carborundum with aluminum alloys AK-18, AL-7, AD-25. The maximum bond strength of these
coatings with the substrate was achieved after annealing at a temperature of 200 °© C for 2 hours. Studies
[3,16,17] aimed at increasing the hardness of nickel-based CEC with the inclusion of oxides of chromium,
titanium, thorium, aluminum, as well as chromium and silicon carbides due to their annealing did not give
positive results. Annealing carried out in the temperature range from 200 to 700°C, led to a loss of hardness,
apparently due to the removal of internal stresses and weakening of the Nickel matrix. The microhardness of
coatings with increasing annealing temperature decreased from 3.2-4.8 GPa to 2.0-3.2 GPa.

In some cases, combined electrolytic coatings are subjected to heat treatment to improve mechanical
properties (high temperature resistance) or to detect the tendency to oxidation at high temperatures. For example,
coatings of Ni + AlbOs, Ni + Ti and others. show increased durability at high temperatures. This type of heat
treatment does not lead to the creation of qualitatively new structures and does not change the phase composition
of the coatings.

It is possible to significantly increase the operational properties of CEC by heat treatment by conducting
filler particles in them, which tend to interact with the metal matrix and form solid solutions and chemical
compounds with high hardness and wear resistance. Thus, in [3, 4] data on heat treatment of combined
electrolytic coatings based on Nickel, which aims to qualitatively change the phase composition and structure of
the coating. The authors of these works received coatings containing powders of tungsten and molybdenum,
which were subjected to subsequent annealing. Annealing of other electrolytic compositions, such as Ni+Cr
(powder) and Fe+Cr (powder), leads to coatings such as stainless steel [5]. The process of heat treatment of
composite coatings can be considered as a kind of chemical-heat treatment, in which the diffusion element is
inside the metal matrix. In addition, the heat treatment of CEC can be carried out using concentrated energy
sources such as lasers, high frequency currents, solar energy. The main advantages of such processing are
locality, possibility of receiving high temperatures at insignificant duration of processing, high speeds of heating
and cooling. The prospects for the use of these energy sources in heat treatment are noted in [3, 17, 18]. But in
them the main attention is paid to studying of the structures formed at such processing. Based on this, it is of
practical interest to study the possibility of improving the physical and mechanical properties of nickel-based
CEC by introducing into their composition metals capable of heat treatment, interact with the metal matrix to
form solid substitution solutions and chemical compounds (solid implementation phases) and determine
tribotechnical characteristics of these coatings [8, 19].

Based on the analysis, thermal annealing in a muffle furnace was performed at a temperature of 400°C for
1... 2 h, which increased the cavitation-erosion resistance of the Ni-SiCnano cOmposition by approximately 20%
in hard water and about 30% in 3% NaCl solution [8]. The latter is due to the reduction and equalization of
internal stresses in the coating, reducing the heterogeneity of the structure. The annealing temperature was
chosen on the grounds that irreversible transformations and eutectic formations take place in the temperature
range 120... 220; 300... 350 and 370... 450°C.

Vacuum annealing with melting of the coating surface was performed on the installation OKB 8086 at
temperatures of 1085... 1090°C. After holding in the furnace, the samples were cooled together with the furnace.
After heat treatment, the microstructure forms a framework consisting of Ni-NisB eutectic and NisB borides
with hardness H, = 6.6 ... 7.4 GPa. Cavitation-erosion tests of Ni-SiCzs-B CEC after vacuum annealing in hard
water showed that the wear resistance in 2 hours of testing increases, compared to CEC without vacuum
annealing, 2 times.

Therefore, vacuum annealing at the temperature of eutectic formation allows to obtain dense, smooth
coatings with high cavitation and erosion wear resistance.

Conclusions
1. When forming CEC, depending on the physical and mechanical requirements for the surface of the

part, it is necessary to choose the type of matrix, the nature of the particles and their fractionality, to find the
optimal technological modes of electrolysis and so on.
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2. CEC based on nickel matrix filled with silicon carbide (SiC) particles are promising coatings to
improve the tribological characteristics of structural steels.

3. In order to improve the physico-chemical characteristics of the nickel-based CEC, it is necessary to
introduce chemical compounds into the electrolyte, which as a result of heat treatment form solid substitution
solutions and solid phases of introduction.
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Cknoa M.€., Creyumun M.C., Oaekcangpenko B.Il., Mamoseur H.C., binuk .M.
3HOCOCTIHMKICTh KOMITO3MLIHHHUX EIEKTPOJITUYHUX TIOKPUTTIB

Y crarri NpoBeNeHO aHami3 BIUIMBY KOMIIO3MIIHHMX enektponitnyHux mnokpurriB (KEIT) nHa
3HOCOCTIMKICTh KOHCTPYKIIMHUX cTaneld.Po3rimaHyTi nmutaHHs BHOOpPY MAaTpHWIl i Pi3HOMaHITHI IOETHAHHSA Y
KOMIIO3UIIITHAX TMOKPUTTAX PI3HUX XIMIYHHX €JEeMEHTIB Ta CHOIYK. Y TIPOMHCIOBOCTI IIMPOKO
BUKOPHUCTOBYIOTH ITOKPHUTTS, B SKMX METAIIEBOI0 OCHOBOIO € XpOM, HiKelb, 3aJi30, MiAb, KOOANbT Ta iHIII, aje
HAMOUTBII IIMPOKE 3aCTOCYBAaHHS MAlOTh KOMIIO3HUINIHI TOKPUTTS Ha OCHOBI Hikemro. Hikemp mmpoko
BUKOPUCTOBYEThCS B sikocTi Marpumi anst KEIL, ToMy mo BiH Ma€ CIOpiAHEHICTH 0 OIBIIOCTI YaCTHHOK, IIIO
3aCTOCOBYIOTBCS SIK Apyra (as3a i JIeTKO YTBOPIOE 3 HUMHU MOKPUTTS. JlaHi MOKPUTTS BUKOPUCTOBYIOTH 3 METOIO
KOpPO3i{HOT0 3aXHUCTY, MiIBUIICHHS (Pi3UKO-MEXaHIYHUX Ta XIMIYHHMX MMOKA3HUKIB, MiIBUIICHHS TBEPAOCTI Ta
3HOCOCTIMKOCTI, BIIHOBJIEHHS PO3MIpiB, Ha/laHHS ITOBEPXHI CaMO3MallyBaJbHUX BIaCTHBOCTEH.

Ha ©6a3i ctBopenoi ycranoBku juisi HanecenHss KEIT mocmimkyBanics MOKPUTTS Ha HiKeJeBiil OCHOBI 3
HanoBHIOBaueM SiC pisHux ¢paxiiii Bin po3mipy 100/80 MkM 10 HaHOUACTHHOK po3mipom MeHIne 50 um. Takum
YHHOM, B p0o0OOTax BUKOpHCTaHO nopoiuku SiC3 poszmipamu: meHie 50 HM- HaHO4acTHHKH; MS5; 28/20; 50/40;
100/80 mkMm.

B mnpoBenmeHMX AOCHIIKEHHSIX B EIEKTPONIT momaTkoBo BBomwin IIAP-maypuncymsdar HaTpito B
kimpkocti 0,01...0,02 r1/m, skuit copuse BKIIOYEHHIO 4YacTHHOK SiCB MOKPHUTTS Ta TOKPAIlye YMOBHU
HapOIyBAaHHS HiIKEJIEBOI MATPHIII.

Jo xapOimiB KpeMHil0 B SKOCTi HAIlOBHIOBaYa JOJABANM TAKOX IOPOIIKH amopdHOTo GOopy po3mipom
Oimst | MKM, IO TOSICHIOETHCSI MOXKIIMBICTIO B3a€MOJii OOpYy Ta HIKENO MpHW HACTYIHIM TepMiuHii oOpooOmi
MOKPHTTS | OTPUMaHHS HOBUX HOTO CTPYKTYP (TBEpi PO3UHMHH, €BTEKTHKA, TUCTICPCIHO-TBEP/l CILIaBH).

[TpakTH4HMil iHTEpEC CTAHOBUTH BUBYCHHS MOXKJIMBOCTI ITiABUIIECHHS (Pi3MKO-MEXaHIYHMX BIACTHBOCTEH
KEIl Ha HikeneBiil OCHOBI BBEIEHHSM Y IX CKIaJ METaliB, COPOMOXHHX Yy Ipoleci TepMiuHoi 0OpoOKwH,
B32EMOJIISITH 3 METAJIEBOIO MAaTPHIICIO 3 YTBOPEHHSAM TBEP/MX PO3YHMHIB 3aMiLlIEHHS 1 XIMIYHUX CIOJIYK (TBEPIUX
(a3 BpoBa/LKEHHS) Ta BU3HAYCHHSI TPHOOTEXHIYHUX XapaKTEPUCTUK IIUX MOKPHUTTIB.

KoarouoBi cioBa: komno3uuiiiui enexrpoiituuni mokpurts (KEIT),3H0cocTiliKicTh
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Abstract

This work is devoted to the creation of progressive technological processes for processing holes. The
relevance of studying this issue is substantiated, technological environments (TE) used in these operations are
listed. The purpose of the work performed is to study the influence of TE on contact phenomena and quality
parameters of the treated surface during deformation broaching (DB) and finishing antifriction non-abrasive
processing (FANT) and the creation on this basis of new technological processes to obtain parts with improved
performance. New methods have been developed for studying contact interaction in the case of DB using solid
lubricants, as well as for modeling the FANT process. The conditions for the use of liquid lubricants in the DB
are described. It has been established that, when them applied, the altitudinal roughness parameters decrease and
the surface layer hardens to a considerable depth. It is shown that the use of solid lubricants in DB is mandatory
when processing products from hard-to-work materials and alloys. When them applied, significant plastic
deformations of the hole can be made. In this case, the surface layer of the workpiece is little different from the
original. The change in the altitude parameters of the rough layer, as well as contact pressures using solid
lubricants, was studied. Peculiarities of contact phenomena in the case of DB using solid lubricants are revealed.
For this case, a functional relationship has been established between the altitude parameters of roughness and the
relative contact pressure. An analytical dependence is proposed for their calculation. The boundary conditions
for its application are determined. Formation FANT also occurs when using the TE. It was established that solid
lubricants during FANT perform a dual function, namely, technological, like solid lubricant during processing,
and operational - improve the quality parameters of the processed parts. The combination of DB and FANT
operations allows us to develop a new technological process for processing holes of parts such as bushings and
sleeves. This process consists in the use of DB as a roughing and finishing operations, and FANT as a finishing
operation, which allows to improve the quality indicators of the machined part.

Key words: deforming broaching, finishing antifriction non-abrasive treatment, technological
environment, solid lubricants, liquid lubricants, contact phenomena, roughness, hardening, quality of the
processed surface

Introduction

The deforming broaching (DB) of products from ductile metals and alloys is always carried out using
technological lubricants, which eliminates the setting of the tool with the workpiece material, reduces the energy
consumption for the process, and also improves the quality of the processed surface [1].

The technology of finishing anti-friction non-abrasive treatment (FANT), based on the use in the process
of friction, setting and selective transfer, also requires the use of a special technological fluid - a technological
environment (TE). It moistens the treated surface, loosens the oxide film, plasticizes the surface and creates the
conditions for the setting of metals [2].

Copyright © 2022 Ya.B. Nemyrovskyi, 1.V. Shepelenko, E.K. Posviatenko, M.I. Chernovol, F.Y. Zlatopolskiy. This is an open access
@m_ article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction
& in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2022-103-1-14-25

Problems of Tribology 15

The most widely used in DB are liquid lubricants, which are used both in finishing and rough operations.
When finishing processing, they allow you to get high performance properties of the processed surface of the
workpiece. In this case, there is direct contact between the treated surface and the deforming element under
liquid lubrication conditions. The treated surface receives hardening and a textured layer to a depth to 0.2 mm,
compressing residual stresses that exceed the yield strength of the processed material, low roughness (Ra < 0.1
pm), improved microrelief. All this helps to improve the operational characteristics of the finished part [3].

Literature review

According to work [1], the most common liquid lubricants are oil-based lubricants: sulfofresol, mineral
oils of the MR class, as well as oils of plant origin. For the processing of non-ferrous materials, a 10% solution
of soap in water is used.

The formation of the antifriction coating FANT on the surface of steel or cast iron is also carried out
using a technological envirenment, which includes a number of chemical elements that ensure, under specific
conditions, the interaction of materials and the presence of surface self-organization processes [4]. Since in this
case the coatings are applied without significant changes in the composition and structure of the tool and the
applied coating (the tool material is transferred to the steel (or cast-iron) surface of the part), the role of the TE is
primarily to clean the surface of the part from oxides. In this case, the layer of applied anti-friction coating can
also play the role of a solid lubricant.

The role of the lubricant during broaching by carbide deforming elements becomes especially significant
when deforming parts from hard-to-work materials: chromium-nickel-molybdenum and stainless steels of
austenitic class, titanium alloys. In these cases, significant deformation of the hole when broaching with liquid
lubricants becomes impossible due to the adhesive setting of the tool with the part. Then use solid lubricants,
which are characterized by high shielding properties [1].

This makes it possible to use deformation broaching for such materials as a rough shaping operation, the
main purpose of which is to increase the utilization of the material in subsequent machining operations. In this
case, the main characteristic of the lubricant used should be not anti-friction, but shielding properties, that is, the
ability to exclude direct contact of the tool with the product. A number of solid lubricants meet this requirement,
which also provide adhesive properties. They must be firmly fixed on the treated surface and localize large shear
deformations in the lubricant layer itself.

A series of solid lubricants based on epoxy resins and solid fillers such as graphite, molybdenum
disulfide, boron nitride, etc. have been developed at ISM NAS of Ukraine. They are sometimes modified with
organosilicon compounds to improve the shielding properties. This allows you to process up to 10% of the holes
in billets made of the following materials during deformation: stainless and heat-resistant alloys, hardened steels
30HGSA, EI1643, 30HNMA, 38HMYUA, heat-treated aluminum alloys AK6, D16, tubes made of vanadium and
niobium, as well as parts from VT1-0, VT6, VT22 titanium alloys.

Purpose

The study of the influence of solid lubricants on contact phenomena and the quality parameters of the
treated surface during the DB and FANT and the creation on this basis of new technological processes for
processing holes to obtain parts with improved performance.

This will reveal the features of the processes flow and establish their influence on the quality indicators of
the treated surface. In turn, research will expand the scope of DB and FANT due to the creation of new
technological processes for processing hard-to-work materials and the intensification of the FANT process.

Research methodology

The experiments were carried out on bushings made of 12H18N10T steel with dimensions: hole diameter
do = 35 mm, wall thickness to = 35 mm, length lp = 250 mm. The initial surface roughness of the hole after
boring is Ra = 3-4 um. And also on bushings made of titanium alloy VT1-0 with dimensions: do = 35 mm, to =
4;7;9mm, lp =250 mm and do = 19 mm, to = 4; 7; 9 mm, lo = 150 mm.

The broaching was carried out on a horizontally broaching machine mod. 7B520 and at a special stand
developed at the ISM NAS of Ukraine, which allows flashing a workpiece with a force of up to 100 kN. When
broaching billets of steel 12H18N10T, solid lubricant ASM-6 was used, which included varnish F-9-K,
molybdenum disulfide MoS; and toluene. It was previously established that this lubricant can withstand contact
pressures of about 2.5 GPa and very significant hole deformations (up to 15%) without breaking. When
broaching the VT1-0 titanium alloy preforms, a solid lubricant based on diane epoxy resin with anhydride
hardener and filler — colloidal graphite, modified by introducing organosilicon compounds and a highly
dispersed carbon filler [5] was used. The specified grease withstands without destruction contact pressure up to
3.2 GPa, which allows for very significant deformation during the expansion of the hole.
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The roughness was measured by the parameter Ra along the generatrix of the hole after each deformation
cycle, that is, after each missed deforming element, and surface profilograms were taken before and after
processing. The measurement was carried out on a "Talysurf-5M-120" profilometer-profilograph and on a VEI-
Caliber mod. 201. After each broaching cycle, a portion of the machined sleeve 10-15 mm long was cut off, with
which the solid lubricant was removed with acetone, and roughness was measured. In some cases, the study of
the roughness and conditions of contact interaction was carried out using transverse sections on the "Micron-
gamma" devices, designed by the National Aviation University of Ukraine. Vickers hardness of the samples was
measured on a HPO-250 hardness tester, and microhardness was measured on a PMT-3 instrument at loads of 50
and 200 grams. The FANT process was studied by modeling it by the interaction of the peaks of
microprotrusions in the form of cutters from cast iron SCh20 and a sample from brass L63. In this case, a brass
sample in the form of a plate was fixed on the working table of the milling machine, and a cast-iron micro-cutter
was installed in a special device, the geometry of the cutting part of which simulated a separate microroughness
of the surface. The front angle of the cutter y varied from +50 + —150°, and the cutting depth from 0.1 to 0.6 mm.
The load on the sample was provided by the vertical feed mechanism of the machine and was controlled by an
indicator head. In this case, the force P. was measured with a special dynamometer. The thickness of the cut was
insignificant and comparable with the radius of blunting of the cutting edge, that is, the contact interaction
corresponded to the actual conditions of the interaction of the microprotrusion with a brass tool. Glycerin was
used as TE. Measurement of the wear of the cutter, as well as the adhesion area of brass L63 on the rear surface
of the cutter and its continuity, were performed on a ZEISS EVO 50XVP electron microscope.

Results

In fig. 1, the quality parameters of a surface treated by deforming broaching of steel sleeves 12H18N10T
using solid lubricant based on molybdenum disulfide are given.
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Fig. 1. The dependence of roughness (Ra), hardness HV, microhardness H,so on the total deformation when
machining bushings made of steel 12H18N10T: when using solid lubricant ASM-6: 1 — Ra, 2 — H,se (® — on the surface, + —at
a depth of 0.5 mm), 3 - HV

As can be seen, the altitude parameters of roughness decrease with an increase in the total expansion
deformation, however, the decrease does not occur as intensively as with the use of liquid lubricants [6], which,
apparently, indicates a decrease in shear deformations in the surface layer. The roughness profile of the
machined surface of the sleeve made of 12H18N10T steel previously bored and stretched using solid lubricants
(Fig. 2, a) also remains almost unchanged. The supporting surface also changes slightly at the midline level (Fig. 2, b).
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Fig. 2. The profile of the initial and processed surface (a) and the reference length of the profile at the midline
level (b): 1 — the initial surface after boring, 2 — the surface after 4 cycles of deformation
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After boring, the initial area of the supporting surface was 40%, and after 4 cycles of deformation, it
increased by only 6-7%. This is also confirmed by the results of measuring the hardness of the treated surface
(Fig. 1, curve 3), the microhardness of the surface and the microhardness of the material at a certain depth from
the treated surface (Fig. 1, curve 2).

Similar results were obtained during the deformation of VT1-0 titanium alloy billets with applied hole
deformations of up to 6% (Fig. 3). When processing these blanks, solid lubricant was also used, the composition
of which is given in work [7].
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Fig. 3. The dependence of roughness (1) and microhardness (2) on the total deformation when processing
bushings from titanium alloy VT1-0 with to/do=0,21 using solid lubricant based on diane epoxy resin ED-5 with
colloidal graphite as a filler and modified organosilicon compounds

In this case, there are also no noticeable shear deformations in the surface layer, which is confirmed by
the data shown in Fig. 3. It follows from them that the altitude parameter Ra decreases slightly after each cycle,
which is due to the influence of mainly circumferential deformation of the hole. Therefore, the change in
microhardness along the wall thickness is almost imperceptible. This is qualitatively different from the known
nature of the change in this indicator when using liquid lubricants, which cause the formation of texture and the
creation of a significant gradient of changes in hardening along the wall thickness [6].

The indicated features of the deformation of the surface layer when using solid lubricants are confirmed
by photographs of the thin sections of the contact zone obtained on "Micron-gamma" device. It allows you to get
not only a real picture of the interaction of the tool with the treated surface, but also to determine the height of
microroughnesses using a scale ruler (1 division - 10 um). As can be seen (Fig. 4), a layer of solid lubricant is
present between the contacting surfaces, which, due to its screening properties, localizes shear deformations in
itself. Microgeometry of the treated surface layer differs little from the original. That is, as indicated above, its
change is caused mainly by the influence of the circumferential deformation of the hole — Xa/do.

Scale ruler Solid lubricant

Tool

Processed surface

Fig. 4. Contact of the tool with the processed surface when using solid lubricant

Some differences in roughness values (Figs. 1 and 2) are due to its different initial values. For relative
roughness Ra/Ra init, the experimental points for different materials lie practically on the same curve (Fig. 5),
which apparently indicates close shielding properties of the applied solid lubricants.

When these bushings were deformed, normal contact pressures were determined. Their change depending
on the deformation is shown in Fig. 6.

An analysis of the results showed that the existing models for determining the roughness of the treated
surface after deforming broaching, given in [8], are not suitable for describing the process of changing the
roughness during broaching using solid lubricants.
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One of these models, used for low-cycle deformation, is built on the basis of a cone or prism precipitation
scheme. In this case, the relationship between the altitude parameters of the rough layer and the total contact
pressure 2g accumulated during each deformation cycle was analytically established [8].
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Fig. 5. The dependence of the parameter Ra/Rainitwhen processing bushings: x — from titanium VT1-0:
to/do=0,21, : ao/do=0,005; e — from stainless steel 12H18N10T: to/do=0,22, : ao/do=0,014
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Fig. 6. The dependence of contact pressure on the total deformation during the processing of the bushings: 1 —
from titanium VT1-0: to/do=0,21, a0/do=0,028, | = 0.65 mm; 2 — from stainless steel 12H18N10T: to/do=0,22, :
ao/do=0,014, | = 1.5 mm

Another model of this work was obtained for calculating the change in the altitude parameters of
roughness during multi-cycle deformation and takes into account the influence of not only normal loads, but also
tangential ones due to friction between contacting surfaces. In this case, the process of reducing the altitude
parameters of roughness occurs not only from compression under the action of a normal load, but also from mass
transfer caused by the “roll-over” of microroughnesses under the action of the friction force that occurs when
using liquid lubricants (Fig. 7). Moreover, with an increase in the number of deformation cycles, the influence of
the friction force on the microrelief increases. Along with a decrease in the height of microroughnesses, cavities
are filled due to the mass transfer of the material of the microprotrusions from the action of friction.

— g -
Fig. 7. The nature of the deformatlon of the mlcroprotrusmn of a workpiece made of steel 45 with the number
of deformation cycles equal to 8; x 500
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When broaching using solid lubricants, the following occurs. In this case, the expansion process occurs in
the absence of friction forces on the surface of the workpiece, which are localized in the solid lubricant layer
(Fig. 4). Therefore, when using large tension on the deforming element and small angles of the working cone of
the tool, when the contact pressures are low and do not exceed the critical contact pressure for a given workpiece
material [6], the expansion pattern will be close to the expansion of the pipe by internal pressure.

For technological calculations related to forecasting and ensuring the required roughness in case of DB, it
is necessary to establish a relationship between the altitude parameters of roughness and contact pressure q.

As is known [6], value q is proportional to the hardness of the material being processed. Let us analyze
the dependence of the relative roughness Ra/Rainit 0N the dimensionless contact pressure g/HV (Fig. 8).

Fig. 8. The dependence of the relative altitude parameter of roughness on the relative contact pressure during
the processing of titanium billets VT1-0 (®): to/do=0,21, ao/do=0,028; from stainless steel 12H18N10T (x): to/do=0,22,
ao/do=0,014

It can be seen that this dependence is almost linear and does not depend on the material being processed
and is approximated by the following expression:

Ra q
=1-0,36——.
HV @)

Rajnit
In [1,6], based on the analysis of a significant amount of experimental data, empirical calculated
dependences are proposed for determining q depending on technological factors and properties of the materials
being processed.
For this, the axial force of broaching and the contact length | are experimentally determined. By the
formula (2), the average value of the contact pressure is calculated:

CosS
q= M , )
adglsin(a +17)
where 7 is the angle of friction, r = arctgf, f is the coefficient of friction, « is the angle of inclination of
the generatrix of the working cone of the deforming element.
The friction coefficient for solid lubricants was determined experimentally and was approximated by the
dependence:

f= Cfmq_xm . €))
The values of the coefficients Cy and xm for our processing conditions are shown in table 1.
Table 1
The value of the coefficients Cim and xm for various processed materials
Lubricant for processed material Cim
stainless steel 12H18N10T 0,087
titanium alloy VT1-0 0,048

In [10], a calculation scheme was proposed for determining g during processing with small tension of
substantially thick-walled workpieces with “infinite wall thickness” [6], when to>do. However, it is correct for
calculating the contact pressure when its value exceeds the critical pressure [6].

In our case, for technological calculations of the roughness parameters, we need to know the contact
pressure, the hardness of the processed material and the initial roughness of the hole surface.
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Based on the results obtained in this paper, we can propose a theoretical method for calculating contact
pressures when expansion by DB with respect to thin-walled workpieces with large tension, small angles when
contact pressure is below critical. Note the relevance of this issue. Large degrees of expansion are used for rough
forming operations, and for this processing of workpieces from the above-described difficult-to-handle materials,
it is used solid technological lubricants.

Since, as shown above, the roughness of the treated surface depends only on the total degree of
deformation of the hole, it is natural to assume that in the case of using solid lubricants, the deformation process
will be close to the internal pressure expansion pattern of the pipe. As shown in [8, 9], such a design scheme is
acceptable for deformation broaching when determining the fracture deformation of workpieces and their
geometric parameters after broaching.

Therefore, we use this model to determine contact pressures for our case. The design scheme is presented
in Fig. 9.

Let the hardening of the workpiece material be approximated by the dependence:

op = ot + Agg, (4)

where oo and eg are the stress intensity and the intensity of plastic deformations; o7 - yield strength; A and
n are empirical coefficients.

Fig. 9. The calculated expansion scheme

For relatively thin-walled workpieces, average circumferential deformation:

>a -
0
In the absence of axial tightness
€ =6,=4. (6)
Then
=\n
op=or +A>a)". U]
Specific work of plastic deformations (per unit volume):
A = op€y =0T7€ + A68+1. (8)
Full work of plastic deformations
*
A=A Vg, )
where Vq is the initial volume of the workpiece, which does not change during deformation:
where Ly is the length of the workpiece.
In view of (10)
A= ﬂdotoLO[aT Ya+AQd a)“”J. 1)

Elementary work on increment diameter d (Zﬁ)

dA= ﬂdotOLolaTd Ya+An+1)>a)d (za)]. (12)
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On the other hand, it is produced by the current contact pressure q at increment d (Zﬁ):

dA = qzdgtolod(32). (13)
Equating expressions (12) and (13) we obtain
t =\n
=—— +AnN+1p)> a) |
I o7 + Al + (Y (14)

It has been taken into account that the current value of the hole diameter is di = dg + Zﬁ .

To calculate contact pressures according to dependence (14), it is necessary to know the dimensions of
the workpiece and the hardening curve of its material. We define the area of use of formula (14) by comparing
the calculated and experimental (according to [6]) g values (Fig. 10) for the case of processing workpieces made
of steel 20 and steel 45.

480‘473

For steel 20, the flow curve was approximated by the dependence o =220+ 62 (MPa), and

for steel 45 — o = 350+1180e2° (MPa). As can be seen, good coincidence between the calculated and
experimental data (Fig. 10, a, curves 2 and 3 and 10, b, curve 2) is observed at contact pressures below critical
values, which, according to the data of [6], lead to the appearance in the deformation zone local zone of plastic
deformation in the form of an influx. It causes the appearance of the axial flow of the processed material and
large shear deformations (textures). In the presence of critical contact pressures, the calculated contact pressures
are much lower than the experimental ones (Fig. 10, a, curves 1 and 2 and Fig. 10, b, curves 1 and 2).
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Fig. 10. The dependence of contact pressures on the total deformation during processing of billets: a) from
steel 45: to/do=0,136, ao/do=0,015: 1 — experiment, 2 — calculation according to (14), 3 — ao/do=0,03 (experiment and
calculation according to (14)); b) from steel 20: to/do=0,65, ao/do=0,015: 1 — experiment, 2 — calculation according to
(14) (A);a0/do=0,03 (e) — calculation according to (14) and experiment

This is due to the mismatch of the conditions of deformation of the workpiece to the expansion pattern of
the pipe with internal pressure. The following conclusion can be drawn from this: the theoretical calculation of
contact pressure according to dependence (14) can be performed at contact pressures less than critical. The
authors of [6] found that for steel 45 the critical contact pressures are 0.87 GPa, and for steel 20 — 0.78 GPa. At
contact pressures equal to and above critical, their calculation must be carried out according to dependence (2) or
according to the method described in [10]. The value of g depends on the modes of broaching and the size of the
workpiece.

The wall thickness at which critical contact pressures appear depends on the tension on the element, the
angle a, as well as the broaching pattern and is determined from the experimentally obtained relationships (15)
and (16) for tensile and compression patterns, respectively [11]:

0,75 -017+14,38
mssfa) "
-0,17+11,68
%0:(0,11+10,24%0)-a ( ' AO) (16)

They allow us to determine the conditions for using formula (14).

Consider the conditions of contact interaction with FANT. The process of contact interaction of the
surface of the workpiece with rubbed material can be divided into two stages: 1) micro cutting of the starting
material with the tips of microprotrusions; 2) adhesive adherence and seizure of particles formed as a result of



22 Problems of Tribology

micro-cutting with the surface onto which transfer and subsequent micro-smoothing takes place. In [12], the
FANT process was studied at the stage of micro cutting and the role of the latter in the formation of a high-
quality antifriction coating. It was established that in order to intensify the FANT process due to micro-cutting, it
is necessary to create a regular microrelief of a rough surface with a front cutting angle y > 0°, and the angle y =
5° is the best option.

In the process, the cutting edge of the microroughness is intensely blunting, the rounding radius increases,
which intensifies the next stage of the FANT process — the interaction of the back surface of the tool with the
brass surface.

In the contact zone of the processed tool on the back surface there are high contact loads, approximately 3
times higher than the yield strength of brass and approximately equal to its HV hardness. Therefore, a layer of
plastically hardened material is created on the back surface of the simulated micro-cutter (microroughness) and a
skin of adhesively adhering brass appears (Fig. 11).

i ‘. 1 2 4 2 v : Yis ? ¢
Fig. 11. The sticking of brass L63 on the rear surface of the cutter made of cast iron SCh20 when rubbing

This skin begins to play the role of a third body, that is, solid lubricant, preventing further blunting of the
microroughness peaks, and a further increase in the radius of rounding of the cutting edge, which is confirmed
by the experimental data shown in Fig. 12.

[, mm+S, %

P
~ 301600

P A 201400

101-20,0

-15 -10 -5 0 5 y degr.

Fig. 12. Dependence of the brass coverage area of the contact surface S (curve 1) and the contact length |
(curve 2) on the angle y when modeling micro-cutting with a SCh20 cast iron cutter with a brass surface L63

So, the contact length along the rear face | depends on the angle y, and with increasing y the value of |
increases (Fig. 12, curve 2), which is possibly due to the absence of micro-cutting at y < —5° and an increase
tension on the radius section of the rear face. The adhesive interaction of the back surface of the cutter model
with brass also increases with decreasing angle y and reaches its maximum at y = —15°. This is evidenced by
curve 1 (Fig. 12), which shows the change in the percentage of the area covered with brass, referred to the total
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contact area. With a further cycle of interaction, an adhesively fixed brass layer plays the role of a technological
solid lubricant, and the process of applying an antifriction coating is significantly intensified. The coating layer
becomes solid, which indicates an increase in its quality. Subsequently, the formed brass coating increases the
quality parameters of the machined part, which improves its durability and is of practical importance.

Thus, a feature of the use of solid lubricants in FANT is that they perform a twofold function, namely,
technological — as solid lubricant during processing and operational - increases the quality parameters of the
processed part, and therefore its durability and wear resistance.

Our studies of the FANT process [13, 14] showed that the surface layer is significantly hardened.
However, the depth of this hardening is negligible. This does not allow the use of the hardening effect when
operating the part for a long time. Therefore, it is advisable to combine these two operations, which will allow
you to get the processed surface with improved physical, mechanical and geometric characteristics. In this case,
the DB will provide a substantial hardening of the surface layer by 30-40% and its bedding to a depth of 0.25
mm, and the FANT process will allow obtaining an equilibrium roughness that coincides with the operational
roughness, regardless of the initial roughness.

Given the capabilities of the DB and FANT, the following conclusion can be drawn. To improve the
operational properties of a part such as bushings and sleeves, it is necessary to build the technological process of
processing according to the following scheme: the first operation is rough shaping using DB, which increases the
utilization of metal, bringing the workpiece closer to the size of the part. When processing workpieces from
hard-to-work materials, solid lubricant is used according to the recommendations received. In this operation, the
bulk of the plastic deformation of the hole is carried out. The next operation is the final deforming broaching of
the hole, during which the remainder of the plastic deformation is performed. The treated surface acquires the
required macrorelief, roughness, the necessary hardening and the depth of its bedding. Then, given that the
antifriction layer has an insignificant thickness ¢ < 5 um, we perform the FANT operation, which is the finish
and can improve the performance of the treated surface. In this case, the necessary microrelief is provided,
obtaining equilibrium roughness, as well as applying solid lubricant from antifriction material.

Conclusions

Analysis of the above material allows us to formulate the following conclusions:

- an analysis of the conditions for the effective use of solid lubricants was performed, and the features of
contact phenomena during DB using solid lubricants were revealed.

- a functional relationship has been established between the altitude parameters of roughness and the
relative contact pressure during processing using solid lubricants.

- a theoretical dependence has been obtained for calculating contact pressures and it has been established
that the field of its effective application is limited by the condition whereby these pressures should not exceed
their critical value.

- it was found that in the FANT process, solid lubricants can perform two functions: technological, like
solid lubricant during surface treatment of a part, ensuring the quality of the coating, and operational. This
improves the quality of machining parts, reduces the wear rate by 2-2.5 times, reduces the running-in time by 2
times and the friction coefficient by 20%.

- a new technological process has been proposed for processing holes of parts such as bushings and
sleeves, which consists in combining DB as rough and finishing operations and the FANT finishing operation,
which allows to improve the quality indicators of the machined part.
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Hemuposcokuii S1.B., lllenenenko 1.B., ITocesaTenko E.K., Uepnosoa M.I., 31aTronoabscbKuii D.1.
CTBOpEHHSI MPOTPECUBHUX IPOIECIB OOPOOKM OTBOPIB HAa OCHOBI JOCIIJUKEHHS KOHTAKTHHMX SIBHII IpH
nedopmyrodoMy mpoTAryBaHHI Ta (iHINIHIA aHTHQpUKUidHIA Oe3abpasuBHiIi 00poOIl B yMOBaxX pi3HHX
TEXHOJIOTIYHUX CEPEIOBHUIIL

BuxoHaHO nocmimpkeHHS BIUIMBY TeXHOJOTidHOTO cepepoBuma (TC) Ha KOHTAKTHI SBHINA 1 TapaMmeTpH
SAKOCTI 00pOOJICHOT TOBEpXHI NMpH BUKOPUCTaHHI omepatiit aedopmyrouoro mpotsrysanus (AIIP) i ¢ininraOl
aaTudpuKIiiHOI O0e3abpa3zuBHOi 00poOKH (PABO). Onrcano yMOBH 3acTOCYBaHHS piTuHHAX MacTi mpu JAT1IP.
Po3pobinieni HOBI METOAWKY BHBUYCHHS KOHTakTHOI B3aemonii mpu JIIP 3 BUKOpHCTaHHSAM TBEpAMX MACTHIL
JloBeneHo HEOOXiMHICTH 3aCTOCYBaHHS TBEPAMX MACTHJI TpH 00poOIi BHPOOIB 3 BaXKKOOOPOOIIOBAHIX
MaTepianiB i crutaBiB. JlOCHIDKEHO 3MiHY BHCOTHHMX MapaMETPiB IIOPCTKOCTI MOBEPXHEBOrO APy, a TaKOK
KOHTaKTHUX THUCKIB IIPM BUKOPHCTaHHI TBepAuX MacTwi. Po3kpuTo ocobnmBocTi KoHTakTHUX Byl npu JITP 3
BUKOPDHCTaHHSIM TBEPAMX MacTwi. BcTaHoBieHO (YHKIIOHAaJbHUI 3B'I30K MK BHCOTHMMH IapaMeTpaMH
IIOPCTKOCTI 1 BITHOCHUM KOHTakTHUM TUcKoM ripu JIITP. TlokasaHo, mo tBepai Mmactuia npu @ABO BUKOHYIOTH
JBOSIKY (DYHKIIiIO, a caMe — TEXHOJIOTIYHY, SIK TBEpAE MacTWJIO IpH 00poOIl, 1 eKCIuTyaTalliiiHy — MOKpaIyloTh
mapamMeTpu SKOcTi o0poOieHux aertancii. [loequanus omeparniit AP 1 ®ABO mo3BoiwMIO0 po3poOUTH HOBUIL
TEXHOJIOTIYHHH Tmporec OOpOOKM OTBOpPIB JeTaleld THITy BTYJIOK 3 MOKpAIleHAMH eKCIUTyaTaIliifHIMHU
BITACTHBOCTSIMU.

KmarouoBi caoBa: nedopmyroue mnpoTsryBaHHs, (iHIIIHA aHTUQPUKIiHHA Oe3adpa3uBHa 00poOKa,
TEXHOJIOTIYHE CEPEOBHUIIE, TBEP/i MACTHIIA, PIIKI MacTHIIA, KOHTAKTHI SBHINA, MIOPCTKICTh, 3MIIIHEHHS, SKICTh
00po06IIeHOT OBEPXHI
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Abstract

Presented studies are related to the spheres of wearproof coating development. World wear resistance
improvement technology experience has accumulated a huge amount of statistical material on the failure due to
increased level of parts wear. That is why the issue of research and improvement of anti-wear properties of
machine elements is one the components when considering the priority directions of ensuring the reliability of
operation motor vehicles and friction units. The SiC coating has been deposited on the medium carbon steel
using detonation deposition. It has been established that it is very sensible for modes of coating deposition and
different physical and chemical phenomenon have been detected. The structure of the obtained coating has been
thoroughly researched on the electronic microscope. The obtained coating has been developed for testing on the
friction bench modeling the friction process that is taking place in the couple of main and rod journals of internal
combustion engines. The coating has also the corrosion protection. The new magnet modified method of
detonation coating deposition has been tested for deposition of nanoscaled coating on mild carbon steel. The
optimal modes of the magnet modified coating deposition for silicon carbide powders batch mixture from the
viewpoint of structure formation have been detected.

Key words: wear, wear resistance, coating, adhesion, nanoscaled coating, detonation coating deposition.
Introduction

Means of powered equipment and automated equipment of airports are equipped with power plants as
energy sources for technological operations on ground handling of aircraft.As such power plants on aircraft
ground equipment electric motors, gas turbine engines, internal combustion engines can be used. Operating
experience has shown that internal combustion engines have the highest energy efficiency and safety, because
electric engines have low starting torques, and gas turbine engines are designed for operation at altitudes of the
cruising flight of aircraft and at ground level have low fuel efficiency and stability. Thus, an internal combustion
engine (ICE), which can be either fuel or diesel, is the main power unit of aviation ground equipment. The
lifetime of the ICE can be improved by wearproof coatings

Review of the latest research

Silicon carbide materials has attracted scientific attention of researchers from many countries. So in the
works [1,2] the features of structure formation of ceramic materials of the constituents SiC—C with oxides
Al>,O3 and Y03, as well as titanium hydride under free sintering and hot pressing are considered. Effect of
ceramics dispersion strengthening by nanoscaled particles of silicon carbide and titanium carbide has been
established. In the publication [3] micromechanical properties of composition materials made of SiC, acquired
by activated sintering has been researhed.

Authors of the work [4] has researched high temperature, corrosion resistant, mechanical properties of
nanoporous structures made of silicon carbide, which was intended for eletrical and technical application.

@m_ Copyright © 2022 A.H. Dovhal, L.B. Pryimak. This is an open access article distributed under the Creative Commons Attribution
= License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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In the publication [5], researchers had been learning oxidation resistance of composites of the constituents
SiC-TiB>-B.C, acquired by hot pressing at temperature 2150°C, which have improved physical and mechanical
properties. The samples porosity made less than 8%.

The structure formation of ceramics made of constituents SiC-TiB,, where the silicon carbide was the
composite major, was researched in details in warks [6, 7]. In particular, optimal technological modes of ceramic
materials acquisition concerning the bending strength, crack- and wear resistance had been determined.

Attempts of properties optimization of self-bonded silicon carbide are undergoing nowadays. So, in the
works [8] different from conventiona technologies technique of high-dense ceramic products on the basis of self-
bonded silicon carbide, which blankpieces are made by the method of slip casting of thermal plastics under the
pressure had been developed. The content of multifractional batch mixture and amount of temporary bonds with
rheological properties, that provide the high density of products, has been justified.

One of the prominent scientific direction of silicon carbide application is the nanostructured composites
and coatings. So, the researchers of article [9] the microstructure and properties of alumina-silicon carbide
nanocomposites fabricated by pressureless sintering and post hot-isostatic pressing have been investigated. There
the grain growth of Al,O; matrix had been eliminated due to the grain growth inhibition by nano-sized SiC
particles (about 150-250 nm). It improved the fracture strength of acquired composite.

In the scientific paper [10] the synthesis of SiO, and SiC micro/nanostructures of nanowires (about 100
nm) and nanorod (about 50-200 nm) shapes had been held by thermal evaporation method (CVD).The scientific
findings were intended for core-shell coaxial nanocables.

The researchers of work [11] have acquired nanocomposites of C-SiC content. The composite is the
carbon fibers covered by SiC nanocoatings. The material was intended for radiation resistant fabric concerning
the fabric strength. And the scientists of paper [12] had acquired the nanostructured coatings of silicon carbide
by novel method. the thickness of the coating was about 2-9 nm and the coatings were suitable to application in
metallurgy, nuclear power engineering, microelectronics and high-temperature stoves.

In order to create the metal ceramic materials, effect of iron millings on the technological modes of
acquisition of ceramic materials of the system SiC-Al,QOs, their structure and properties have been researched.
Tribological performances of acquired materials have been tested. Wear rate of these materials together with the
steel counterbody is 3,8 microns per kilometer, and together with ceramic counterbody it is 4,1 microns per
kilometer. In both cases oxidative wear mechanism takes place [13].

As have already been mentioned the specific way acqured batch mixture of SiC-Al.O3; content was used
for acquisition of wearproff composited [13] the same batch mixture was applied for coating deposition by
detonation method modified by magnetic field [14]. So it had been established on direct poalrity of coil magnet
the microparticles of silicon carbide and alumina had been deposited on the substrate. The coating had
demonstrated not only high wear resistanse [14], but also high wear resistanse at elevated temperatures [15]. The
last metioned composition had been widely used for coating deposition by different technique and several results
had been acquired. And changing the polarity of coil magnet only the nanosized particles of silicon carbide had
been deposited on the substrate to which investigation this scientific paper is devoted.

Research aim

Scientific development of nanoscaled composition coatings for crank shaft journal of internal combustion
engines of aircraft ground support equipment.

Originating from the aim of article papper the following tasks of research were preset:

1. Outlook of the reference sources on the topic of the article paper and on its basis the topic urgency had
been confirmed.

2. Algorythm development of the complex scientific research, selection of the necessary laboratory
equipment for coating deposition and tribotechnical research.

3. Preparation of the coating batch mixture, manufacture of the specimens and deposition of the coating.

4. Research of the coating structure and its description.

Research methodology

For study of interactions between properties of coatings with their phase composition and structure, and
also an external factors influence the choice of research methods has the great importance. The receiving of
reliable results of research in this work is provided with the use of modern equipment and devices, approved
methodologies, necessary productivity of experiments, by careful treatment of specimens before and after the
experiment, strict adherence of order of experiment carrying out.

For receiving a charge of carbide silica ceramics with aluminum oxide admixtures, the starting powders
were used: silicon carbide grade 64C (I'OCT 26 327-84) with an average size of 45-55 pum, aluminum oxide (TY
6-09-03-350-73) with particles of average size 45 -50 microns.

The chemical composition of the starting powders is given in Table 1.
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Table 1

Results of analysis of initial powders in masses. %
Powder name | Al Si Mg | Fe [ Ni| Cr |Ti|Ca|Zr|Ag]|Cu
SiC 10® |major. |10 [10° | - | - |- |[10* |- | - | -
Al,03 major. | - 10° >0,1 |>1 |0,01 |- | - |- [10* |10

An integral operation for the formation of composite materials from the initial powders is their mutual
mixing and grinding.

To obtain a SiC-based ceramic charge with Al,O3; admixture, the powder components in the appropriate
proportions were mixed with simultaneous grinding for 5 hours in the laboratory planetary mill Sand-1 in an
alcohol medium.

In this case, the rotational speed was 648 rpm, the drum rotation frequency was 1620 rpm. To prepare the
charge, laminated aluminum oxide and steel drums of 340 cm?® and steel grinding media from steel of 111X15
with a diameter of 10-15 mm and SiC-Al,Os3 ceramics grinding media were used.

The ratio of the mass of the charge to the mass of grinding media is 1: 3. After grinding, the charge was
dried and sifted. The granulometric composition of the resulting mixtures after milling was determined in
aqueous media on a laser microanalyzer "SK Lazer Micron Sizer PRO 7000"

Coatings in the work was applied by the detonation method on the installation described below. The
“Dnepr-3M” (table. 2.) detonation-gas installation is intended for coating metal powders, hard alloys, ceramics
and composite materials on the surfaces of machine parts, devices, apparatuses and tools during their
manufacture, as well as reconditioning.

According to their purpose, coatings can be wear-resistant, frictional, antifriction, corrosion-resistant,
heat-resistant, electrically conductive, electrical insulating, etc.

Table 2
Technical data and specifications
# Specification Value
1. | Working gases oxygen, acetylene, nitrogen,
compressed air.
2. | Pressure of working gases, MPa
- oXygen 0,2
- acetylene 0,14
- nitrogen 0,4
- air 0,4
3. | The consumption of working gases per shot, m®
- oXygen 27*10°
- acetylene 23*10°
- nitrogen 5*104
- air 5*10
4. | Powder consumption per shot, m3 1.5*10°8
5. | Water consumption, m?/s 3*10°
6. | Frequency of fire, Hz 1-10
7. | The diameter of the booster section of the barrel, m 0,022
8. | Coating thickness per shot, microns 5-20
9. | Productivity at a coating thickness of 10 microns, m%h 0.8-3.5
10. | Installation remote control
11. | Overall dimensions, m
-agun 1,8*0,6*1,1
- gas remote 1.8*0.63*0.61
- control panel 0.5*0.3*0.22
12. | Mains supply:
- frequency, Hz 50-60
- voltage, V 220
- power consumption, VA 200
13. | Sound pressure level, dB (A) 140
14. | Relative humidity of air,% 40-75

For getting such compositions the following conditions have been determined. Working gas is a mixture
of CzH,-O,. Consumption of CzH; is 30 points, Oz is 70 points. Powder supply is 30 points. Blowing the barrel at
the end of the cycle is air. Scavange gas is air. Shots speed is 4 shots per second. The diameter of the spot is 22
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mm. Spraying distance is170 mm. For research of the effect of a constant magnetic field a cylindrical solenoid at
the output has been used, which provided the magnetic field strength H = 150 A/m. For deposition of
nanoparticles of the coating the reverse magnetic field had been applied during the shots (fig. 1.).

N m_H’ﬂ’l : —E=D

Fig. 1. Magnet modified detonation installation simplified diagram:

1 - carrying gas; 2 — charge bin; 3 — spark plug; 4 — gun tube of plant; 5 — substrate (specimen); 6 — coating; 7 —
flushing gas between shots; 8 — combustible gas; 9 — solenoid coil (direct polarity when it is toward substrate, reverse
polarity when it is backward from substrate.).

For research of structure and phase composition of the structure and phase storage of ceramic on the basis
(SiC-Al,03), and also their friction surfaces was conducted by metallography, X-ray-phase (RPA) and micro X-
ray spectral (MRSA) analyses. The metallography analysis of the investigated materials was carried out on the
optical microscopes MUM-8 and «<HEO®DOT».

Radio-phase analysis of specimens was executed on the X-ray diffractometers JIPOH-2.0 (see fig. 2.5.1.)
in Cuy, -radiation. Micro X-ray spectral analysis and receving of electronic images of surfaces was conducted on
electron microscope POM-1061

Research results and discussion

Composite coatings SIAL-M32 (SiC-Al;03 — 32 hours milling) has a high wear resistance in a compact
form due to the formation of films of complex oxide systems SiO2, Al,O3 on the surface of the friction, which, as
a result of the dissolution of iron oxide, form secondary structures. In the process of grinding in the steel vessels,
steel milling bodies in the batch mixture form pieces of iron, which have a size from 250-400 nm (fig. 2.). Large
particles can be easily removed by magnetic clean. Nanoscale particles cannot be removed from the charge with
magnetic clean. Particles of this size are evenly distributed in the batch mixture without bundle and segregation,
and their size is not sufficient to absorb larger particles of silicon carbide during the formation of silicides. The
presence in the batch mixture of particles of iron millings should intensify the process of coating deposition
using the magnetic field flux (double sided).

#

4 ]
3 t’

WD=13.3mm 20.00kV__ x100k 5

a) b)
Fig. 2. SEM image of SiC-Al.Os composite powders after mixing and grinding in steel vessels by steel
milling bodies for 32 hours; a — 4000 zoom; b — 10,000 zoom. (250-400 nm particles are detected).

WD=12.0mm 20.00kV  x4.00k

In order to investigate the formation of a grinding of iron in the process of grinding of the components of
SiC-Al;,O3 batch mixture, the kinetics of the change in the content of particles of iron millings was determined
experimentally, depending on the duration of grinding. As a result of the grinding of SiC-Al,Os batch mixture
powders with varying the duration of process, the following regularities were established (table 3.).
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Table 3
Powders content of SiC-50% Al.Os composition depending on the time of grinding
Grinding time, h 1 2 4 8 16 32
Material designation * SIAL M1 SIAL M2 SIAL M4 SIAL M8 [SIALM16 |SIAL M32
Average size of charge 28,7 14,9 6,8 48 2,2 2,1
particles, um
The content of iron 1,5 34 6,8 10,9 16,3 19,3
particles,% wt
The phase content of the milled batch mixture is shown on fig. 3.
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Fig. 3. X-ray diagram of powder SIAL-M32 composition.

The comprehensive detonation coating research is on the fig. 4. There the zoom kinetics and general
imagination of the coating surface roughness and pattern is shown.
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Fig. 4. SEM image of nanoscaled coating of different zoom of the same area: a) 550; b) 1000; c) 2000; d) 4000; €) 8000;
f) 20000

While milling the silicon carbide the nanosized particles can be obtained [4]. During the milling the
metal particles are acquired in the batch mixture and they are affecing crucially on the coating formation in the
magnetic fields. In particular, applying the magnetic field the microsized coatings are acquired and well
invrstigated [9]. This coating is acquired by the technoque described in paper [9,10] on the direct flux (from S to
N) of the magnetic field, merely, enspeeding the metal particles to the substrate. Changing the polarity of the
magnetic flux (from N to S) permanent magnet coil the microscopic particles are retained in the detonation shots
stream and only nanosized particles of the batch mixture are reaching to the surface and depositing there (fig. 4.
and 5.).

10.0kV  X20,000 WD 23.2mm Tum

b)
Fig. 5. SEM-images of the Top Raw View of the Nanoscaled Detonation Coatings of SiC on the Specimens of Steel 45
for Rolling-Sliding Friction: a) 20 000 zoom; b) 40 000 zoom

The scanning electronic image (SEM) is supplied on the fig 5. Within the 20 000 electronoc zoon (fig.
5. a) the sirface of the coating appeared to be very rough and containing the nanosized particles. Within the
40 000 electronoc zoon (fig. 5. b) the particles of 70,9, 115,2, 76,5, 54,0, 50,5, 65,6, 82,9 and 73,0 nanometers
are acquired.

The content of the nanoparticles is about 85% of SiC, 10% of Al,O3; and 5% of Fe,C. No metalic
particles were detected in the coating content. Coating thickness was about 50-60 micrometers.

Conclusions

Using the gas detonation deposition from the batch mixture which contanis the the silicon carbide and
aluminium oxide particles, which have a size from 250-400 with the steel millings, on the direct polarity the fine
grained microstructure is acquired and on the reverse polarity the nanostructure the particles of 70,9, 115,2, 76,5,
54,0, 50,5, 65,6, 82,9 and 73,0 nanometers had been acquired.
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Josranes A.I'., IIpuiimak JI.B. JlociipkeHHS CTPYKTypH HAaHOPO3MIPHHX KapOiJOKPEMHIEBUX HOKPHUTTIB
TPUOOTEXHIYHOTO MPH3HAYCHHS

[IpencraBnene IOCHIKEHHS NOB’S3aHE 3 PO3POOKOI0 3HOCOCTIMKMX MOKpUTTIB. CBiTOBHIT 1OCBin
MiABUIICHHS 3HOCOCTIMKOCTI HAKONWYHMB BEJIHKY KiJBKICTh CTATHCTHYHOTO MaTepially BiIMOB AeTaleil uepes
3HOIIYBaHHA. TOMYy THTaHHS JOCIHIIKEHHS Ta IOKPAMICHHS 3HOCOCTIMKMX BIACTHBOCTEH IeTaneldl MaIiuH €
OIHUM i3 TPIOPUTETHHX KOMITOHEHTIB TpPH PO3TIIIAI HANpsSMKIB 3a0e3ledeHHs HaMiHHOCTI eKCIUTyaTarii
TPAHCIIOPTHUX 3aco6iB Ta By3miB TepTsa. Ilokpurrs i3 SiC OynnHaHHECEHI Ha CEpeIHBOBYTJIEIEBY CTalb
JETOHAIIMHIM HalMWICHHSIM. BKIIO BCTAHOBIIEHO, IO BOHO TyX€ UYTJIUBE 10 PEKUMIB HAHECEHHS MTOKPHUTTIB Ta
Oxyy BUsIBNIEHI pi3HI ¢i3uuHi Ta XiMmiuHi sBuma. CTpykTypa OTpUMaHHX HOKPHTTIB Oyjia BHBYEHA METOAAMH
€JIEKTPOHHOT Mikpockormii. OTpuMmaHi TOKpUTTS Oyau po3poOieHi I NOJAJbIIMX TPHUOOTEXHIYHUX
BUNPOOYBaHb Ha MalIWHAX TEPTs, 10 MOJEIIOIOTH MPOLECH TEPTs, L0 MAlOTh Miclle y y Iapax KOpPiHHUX Ta
MIaTYHHUX IIWHOK JIBUTYHIB BHYTPILIHBOTO 3rOpsiHHS. I[IOKPUTTS MAaroTh TakOX 1 KOPPO3iiHO 3aXuCHI
BJIAaCTUBOCTI.  byno BHIIPOOyBaHO HOBUH MAarHiTHO MOIU(IKOBAHWH METON JCTOHAI[IITHOTO HAIHICHHS
HAHOPO3MIpPHUX IOKPUTTIB Ha CEPEIHBOBYIJICLEBY CTalb. byJ0 BH3HAaUY€HO ONTHMANBHI PEXHUMH
MAarHITHOMOTU(IKOBAHOTO HAHECEHHS IIOKPUTTIB IS KapOiTOKPEMHI€BOT ITMXTH CTOCOBHO CTPYKTYpPH

KaruoBi ciioBa: 3HOC, 3HOCOCTHKICT, MOKPHUTTSA, anare3is, HAHOPO3MipHE MOKPHUTTA, ACTOHAIliiHEe
HaHECEHHs ITOKPUTTIB
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Abstract

Various surface protection technologies, in particular, electrochemical, are used to increase the wear and
corrosion resistance of steels and alloys. Composite electrochemical coatings (CEC) technology is more
promising than "pure” galvanic coatings. Application of CEC increases the wear, corrosion and fatigue failure
resistance of metals. Nickel often is chosen as a CEC matrix because it easily forms uniformly filled defect-free
composite structures with many particles of the dispersed phase (DP).

Physical and mechanical properties of metal coatings determine practical application of such
composition. The characteristics of nickel-based CEC are: high hardness and strength, significant corrosion
resistance in atmospheric environment, as well as in alkali and mild acidy environments. An effective
composition coating with tribological designation can be CEC Ni-B, received in the process of electrolysis from
suspension of amorphous boron in nickel electrolyte. A new composite structure of matrix filled type Ni-NizB is
formed after heat treatment. Composition and structure of coating is determined by regimes of diffusion
annealing. Ni-B coatings increase wear resistance of steel in chlorine-based environments. The influence of low-
temperature thermal treatment of Ni-B CEC on steel 09Mn2Si on their tribocorrosion behavior is investigated. It
is shown that the structural factor has a decisive influence on the efficiency of such friction pairs. The CEC has
the least wear and the most positive compromise electrode potential after vacuum annealing at 450°C, when the
initial stage of solid-phase interaction of coating components with the formation of Ni-NizB occurs.

Key words: composition electrochemical coating, low temperature thermal treatment, tribocorrosion,
friction coefficient.

Introduction

Various surface protection technologies, in particular, electrochemical, are used to increase the wear and
corrosion resistance of steels and alloys. Composite electrochemical coatings (CEC) technology is more
promising than "pure” galvanic coatings. Application of CEC increases the wear, corrosion and fatigue failure
resistance of metals. Nickel often is chosen as a CEC matrix because it easily forms uniformly filled defect-free
composite structures with many particles of the dispersed phase (DP). Nickel-Boron CEC is an effective
composite coating for tribotechnical application. It is obtained by electrolysis of a suspension “amorphous boron
- the nickel electrolyte” [1]. A new composite structure Ni-Ni3B of matrix-filled type is formed in the process of
subsequent thermal treatment (TT) [3,4]. The composition and structure of composite are determined by the
diffusion annealing parameters. The wear resistance of steels with Ni-B CEC after TT at 900... 1000°C increases
by 1.5... 3 times compared to solid galvanic chromium or diffusion boride coatings [4]. It is due to formation of
Ni3B boride grains with high microhardness (9... 12.5 GPa). It is shown, that Ni-B CEC in the initial state also
increase the wear resistance of steels under conditions of corrosion and mechanical wear in chloride-containing
environments, but the effect is smaller due to increased electrochemical activity of solutions [5,6].

Copyright © 2022 M. Khoma, R. Mardarevych, V. Vynar, Ch. Vasyliv, Yu. Kovalchyk. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.
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Ni-B coatings after low-temperature TT can also be promising for surface protection of alloys [7, 8].
Therefore, the aim of the work was to investigate the influence of low-temperature thermal treatment parameters
on the structure, hardness and tribocorrosive behavior of Ni-B CEC on steel 09Mn2Si.

Materials and research methods

Preliminary preparation of steel 09Mn2Si samples was performed according to the requirements [9]. CEC
Ni-B was precipitated from a suspension of amorphous boron in the sulfate chloride electrolyte of nickel plating
at a cathode current density of 5 A/dm2, temperature 40...45°C and hydrodynamic electrolysis regimes,
recommended in [10]. Sodium dodecyl sulfate was used as an anti-pitting agent and suspension stabilizer. The
thickness of the coatings was 45...50 pm, and the boron content in them was 4.8 ... 5.2 wt.%. Samples with
coatings were annealed in vacuum at temperatures of 200, 300 and 450°C for 2 h. X-ray diffraction analysis of
the coatings was performed on a DRON-3M diffractometer in Cu-Ko radiation. The parameters of the fine
structure (the size of the coherent scattering regions, the magnitude of the microdeformation and the dislocation
density) were calculated by the method of approximation of the expansion of the diffraction line profile (111)
and (222) [11]. Electron microscopic studies of the coatings were performed on a scanning electron microscope
EVO-40XVP (Carl Zeiss) with an X-ray microanalysis system INCA Energy. The microhardness of the coatings
was determined on a microhardness tester PMT-3M. Tribocorrosion studies of coated samples were performed
according to the scheme rotating disk—counter-body in the form of a segment (block) on the SMC-2 test rig at a
contact load P = 280 N. The sliding speed was 0.67 m/s, the test time was 1 h. Coatings were applied to the
cylindrical surface of the "disk" specimens made of steel 09Mn2Si. Counter body - "pad" of steel IIIX 15
(100Cr6), HRC 60...63. Electro-insulating coating was applied to the non-working surfaces of the disks.
Working environment - glycerin with the addition of 10% NaCl (pH = 5.9). The change in the electrode potential
of the friction pairs was measured using a chlorine-silver reference electrode. Measurements of the friction
moment were performed with a non-contact inductive sensor mounted on the shaft of the installation. Electrical
signals (mV), from the measurement of these parameters, were transmitted to an analog-digital device and
simultaneously recorded by a personal computer with a recording step of 0.2 s. The wear of the samples after the
tests was determined gravimetrically with an precision + 0.0001 g.

Results and discussion

Structure and microhardness of CEC after TT. Thermal treatment significantly changes the properties of
CEC. TT is carried out to increase adhesion to the substrate material, to do partial dehydration and to reduce the
level of residual stresses. TT is even more effective for CEC Ni-B, because annealing is accompanied by
diffusion interaction of components with partial or complete dissolution of boron particles in the matrix and the
formation of solid solution and nickel borides. In addition, the newly formed structural components occupy a
larger volume in the matrix, than the dispersed particles in the initial state. Therefore, TT is an additional factor,
that increases the content of the reinforcing phase in the coating. Electrochemical deposition without TT does not
provide optimal volumetric filling of the matrix by the dispersed phase (30... 50%) to ensure high tribotechnical
characteristics. CEC Ni-B, obtained by the above modes of electrolysis, have significant filling of the matrix
with boron particles and their uniform distribution in the layer (Fig. 1a). Only diffraction lines of nickel are
presented on the coating diffraction pattern. The absence of boron lines - indicates the amorphous state of its
structure (Fig. 1 b).

The dislocation structure of the electrodeposited coating is formed in the presence of inclusions. Stress
fields of inclusions are an effective barrier to dislocation displacement and cause higher (50... 60%)
microhardness of CEC, compared to "pure" nickel coating (Fig. 2). The hardness is affected by effect of
dispersed hardening of the matrix by boron particles. The hardness also depends on crystal structure, due to the
new conditions of crystallization in the electrolyte suspension. The stress state of the CEC is evidenced by the
results of diffractometric studies of fine crystal structure parameters. The magnitude of lattice microdeformation
and dislocation density increase 1.6 and 4 times, respectively, compared to values for galvanic nickel, and
substructure block sizes decrease from 54... 57 to 30 ... 32 nm.

Low-temperature thermal treatment of nickel and composite coatings causes similar structural changes.
Kinetics of these process is different, therefore development and the degree of conversion at certain temperatures
occur differently. A polygonized structure with 50... 70% higher microhardness is formed after the heating of
the nickel coating at 200... 230°C, due to the migration of point and linear defects to the grain and subgrain
boundaries. The lattice microdeformation decreases after annealing at a temperature of 300°C, due to
annihilation of dislocation, and the size of subgrain blocks increases to 94 nm, which affects the decrease in
microhardness. When the heating temperature exceeds 360°C, recrystallization transformations start in nickel.
Corresponding changes of fine structure cause a significant decrease in hardness [11,12].

The inclusion of boron particles in the CEC slows down the relaxation processes at the stage of pre-
recrystallization annealing at 200... 300°C. Slight change in the parameters of the fine structure is observed. In
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contrast to the nickel coating, the size of the substructure blocks increases to only 33... 34 nm, the
microdeformation of the lattice decreases from 1.5 107 to 1.2 - 1073, and the density of dislocations - from
0,29-10'2 to 0.24-10'? sm™ after annealing of the CEC at 300°C. Heating within 400... 450°C determines the
initial stage of solid-phase interaction of components, which is confirmed by the results of differential-thermal
[12] and X-ray diffraction methods of analysis (Fig. 1 d). The development of the interaction between boron
particles and the nickel matrix, which is carried out by the type of reaction diffusion, leads to a marked change in

the microstructure of the coating (Fig. 1 c).
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Fig.1. Microstucture (a, c) and X-ray diffraction patterns of CEC Ni-B in initial state (a, b)
and after thermal treatment at 450°C (c, d)
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The highly developed and branched surface of boron particles in the initial state gradually acquires more
rounded shapes, framed by newly formed boride zones. It is due to the diffusion of boron atoms into the adjacent
volumes of the Nickel matrix. Stresses are removed insufficiently, the high level of microdeformation remains,
the sizes of blocks increase insignificantly. X-ray diffraction analysis showed a significant amount of NisB
phase. It is the main reason for the increase in the microhardness. The coating, obtained after this mode of TT is
significantly different from pure nickel coating (Fig. 2).
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Fig.2. Microhardness of CEC Ni-B after the different thermal treatment parameters. (1) — without TT; after TT: (2) -
200°C; (3) — 300°C and (4) — 450°C. The minimum and maximum values of microhardness are given

Tribocorrosive behavior of CEC. Changes in the electrode potential and friction coefficient (Fig. 3 a, b)
during frictional interactions in pairs “steel - Ni-B CEC after different TT” in glycerol + NaCl were studied. Test
stages: | - 0... 600 s - contact of friction pairs occurred through a layer of work environment, without load, Il -
600... 1200 s friction pairs in contact, III - 1200... 5000 s load is applied, IV - 5000... 6000 s friction pair is
unloaded (Fig.3 a, b). The compromise electrode potential is the most positive in the friction pair “steel - CEC-
Ni-B after TT at 45001C (E = - 235 mV) (Fig. 3 a), and the most negative - without TT (E = - 370 mV). The
coefficient of friction is the lowest in the first case =~ 0,005 (Fig.3 b), and the highest - in the last = 0.018. The
electrode potential in the friction pair “steel - CEC-Ni-B after TT at 300°C is E =~ - 300 mV, and the coefficient
of friction changes randomly from 0.005 to 0.008 during the tests.
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Fig.3. General changes of mixed electrode potential (a) and friction coefficient (b) of friction couples steel - CEC Ni-B
in the environment of glycerin + 10% NaCl at the contact loading 280 N. Friction couples — CEC Ni-B without
thermal treatment (1), after vacuum annealing at 300°C (2) and 450°C (3)
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After unloading, the electrode potentials of the friction pairs “steel - CEC Ni-B after TT at 450°C” and
“steel - CEC Ni-B without TT” became more negative. This indicates, that the friction surfaces are in the
activated state for some time after the test. The values of the compromise electrode potential of the friction pair
“steel - CEC Ni-B after TT at 300°C” do not change after unloading and are at the same level for some time.
Wear resistance of CEC without TT is the worst, after TT at 300°C is slightly better, and after TT
at 450°C is the best (Fig. 4).
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Fig.4. Wear of the friction pairs “steel - CEC Ni-B”, load 280 N. CEC Ni-B: (1) — without thermal treatment, after
vacuum annealing at 300°C (2), and 450°C (3)

Toporaphy of friction surfases CEC Ni-B after tribocorrosin investigations was analysed. Cracks
were found on the surface of the CEC without TT. Working environment penetrates through cracks during
friction (Fig. 5 a), and galvanic pairs are formed between CEC and base steel. Oxide films are absent and
stresses increase at the places of friction contact. It is sufficient for the development of
shift processes and accumulation of the defects with the subsequent formation of surface and near-surface
cracks. The growth and propagation of cracks ends with the separation of individual fragments of the
coating.

In addition, significant areas of plastic deformation were also found on the surface. Such
morphological changes in the structure of CEC without TT are due to the frictional interaction of the
contact surfaces in an aggressive environment and leads to a significant shift of the electrode potential
towards the negative values.
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There are no microcracks of friction surfaces of Ni-B CEC after TT at 300°C. Scores occurs mainly due
to insufficient volume content of boride grains. The low hardness of the coating facilitates plastic deformation of
the friction surface (Fig. 5 b). Defects in the structure are accompanied by a simultaneous shift of the
compromise electrode potential toward negative values and an increase in the coefficient of friction at the local
time intervals of the test.

Scores are practically not detected on the friction surfaces of Ni-B CEC after TT at 450°C, when the
initial stage of solid-phase interaction of coating components with the formation of Ni-NizB occurs (Fig.5 c).
The friction process is stable, as it is evidenced by changes in the values of the compromise electrode potential
and the coefficient of friction.

Conclusion

The influence of low-temperature thermal treatment of Ni-B CEC on steel 09Mn2Si on their
tribocorrosion behavior is investigated. It is shown that the structural factor has a decisive influence on the
efficiency of such friction pairs. The CEC has the least wear and the most positive compromise electrode
potential after vacuum annealing at 450°C, when the initial stage of solid-phase interaction of coating
components with the formation of Ni-NizB occurs.
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40 Problems of Tribology

Xoma M., Mapaapesuu P., Bunap B., Bacuais X., Kopaabuuk 0. BniiuB TepmiuHoi 00podku Ha
TpHuOOKOPO3iiiHi BaacTHBOCTI KOMIO3UTHUX MOKPUTTIB Ni-B

Jns migBUINEHHS 3HOCOCTIMKOCTI Ta KOpO3iiHOI CTIMKOCTI cTayieil i CIUIaBiB 3aCTOCOBYIOTHCS Pi3Hi
TEXHOJIOTIT 3aXWUCTy IIOBEPXOHb, 30KpeMa, eNEKTPOXiMiyHi. TEeXHOJOris KOMIIO3UTHUX €JIEKTPOXIMIYHMX
nokpurtie (KEII) € Gibl MepcrneKTUBHOK, HiX «YHCTI» ranbBaHiuHi nokputTs. 3acrocyBanns KEII miaBuirye
CTIHKICTh METaJiB JI0 3HOCY, KOpO3ii Ta BTOMHOTO pylHyBaHHs. Hikenb 4acTo BHOMpPalOTh B SKOCTI MaTpHIIi
KEII, ockigbKu BiH JIETKO YTBOPIOE PIBHOMIPHO 3amOBHEHI Oe3feeKTHI KOMIO3WUTHI CTPYKTYpPH 3 BEIUKOIO
KUTBKICTIO YaCTHHOK quctepcHoi dazu (D).

@Di3uKo-MeXaHi9HI BIACTUBOCTI METAICBHX ITOKPUTTIB BH3HAYAIOTH IMPAKTUYHE 3aCTOCYBAHHS TAKOTO
ckiany. Xapakrepuctukamu KEIT Ha OCHOBI HiKeIIO €: BHCOKAa TBEPHICTh i MIIHICTh, , a TaKOX KOpO3ilHa
CTIMKICTD B JIy’)KHUX Ta CIAOKOKHCIHX cepeloBHINax. EQEKTHBHAM KOMITO3HIIHHUM ITOKPUTTSIM 3 BHCOKHMH
TPUOONOTIYHUMH BIACTHBOCTAMH € KOMIIO3HIiiiHE enekTpoximiune mokputts Ni-B, orpumane B mpoieci
SJIEKTPOII3Y 13 cycneHsii aMop(pHOTO 3 Cyab()aTXIOPUIHOTO EIEKTPOIITY HIKEIIOBaHHS 32 KaTOXHOI I'yCTHHH
crpymy 5 A/nm?, temneparypu 40...45°C. BcTaHOBJIEHO, IO MC/s TEPMidHOi 0OpOOKM (POPMYEThCS HOBa
KOMIIO3UTHA CTPYKTypa 3 HamoBHeHOK Marpuiiero tumy Ni-NisB. IMokpurts Ni-B cyTTeBo migBHIIyOTh
3HOCOCTIHKICTh CTadi B cepeloBHInax 3 xjopuaamu. JlocmimkeHo Tpubokoposiiiny moeeainky KEIT Ni-B y
BUXIJTHOMY CTaHi Ta Micsl HU3bKOTEMIIEpaTypHOI TepMiuHOT 00poOKku. [TokazaHo, 0 CTPYKTYpHU#T (pakTop Mae
BUpIMMaNEHUA BIUIMB Ha edekrtuBHiCTh Takux map TepTsa. KEII Ha oCHOBI HiKelr0 Mae HaWMEHIIWH 3HOC i
HaWOUTHIINI TO3UTHBHUNA KOMIPOMICHUH €JIEKTPOAHUI MOTEHIIaN Micis BakyyMHoOro Binmamy mpu 450°C, 3a
SIKOTO BiZIOYBAETHCSI MOYATKOBA CTa/isl TBep10(ha3HOI B3a€MO/IiT KOMIIOHEHTIB MOKPUTTS 3 yTBopeHHsAM Ni-Ni3B.

Kaw4oBi ciioBa: KOMITO3UINHHE eNEKTPOXiMiYHE TOKPHUTTA, HiKelb, OOp, CTPYKTypa, TBEpIICTb,
HU3BKOTEMIIEpaTypHa TEPMOOOPOOKa, TPUOOKOPO3isi, KOSQIIiEHT TepTs
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Abstract

The paper presents an experimental test of modeling the limits of stable operation of different structures
of tribosystems (robustness criteria) in the conditions of extreme lubrication. The results of the experimental test
confirmed the previously concluded conclusion that not all structures of tribosystems lose stability in terms of
the coefficient of friction, i.e. the appearance of burrs on the surfaces of the friction. At low values of the
coefficient of shape and low values of the quality factor of the tribosystem, the loss of stability occurs due to
accelerated wear of materials.

Expressions for calculation of criteria of robustness of tribosystems taking into account speed of change
of loading on tribosystem are received. The rate of change of load is taken into account by the coefficients of
dynamism, which are obtained taking into account the right-hand side of the differential equation of the
dynamics of the functioning of tribosystems. Analysis of the obtained theoretical results on the assessment of the
robustness of tribosystems and their comparison with the results of the experiment, suggest that the obtained
conditions for stable operation of tribosystems (criteria of robustness) allow theoretically, with error 10,3 - 13,3
%, determine the boundaries of sustainable work.

Criteria for the robustness of the tribosystem by wear rate and friction coefficient should be used in the
design of tribosystems.

Key words: tribosystem; stability of tribosystems; burr of friction surfaces; accelerated wear; the stability
limit of the tribosystem; robustness of the tribosystem; the robustness range of the tribosystem; criterion of
robustness of the tribosystem.

Introduction

Stable operation of tribosystems in the entire load-speed range of operation is the most important
characteristic on which the reliability of machines and mechanisms depends. The range of stable operation of
tribosystems is predicted at the stage of design development of new machines and is mainly performed on
experimental data of previous designs or experimental data of laboratory and bench tests. To implement this
approach, it is necessary to ensure the identity of operating conditions and laboratory (bench) tests, which is
associated with high material costs during the development of new machines.

The most promising area is the mathematical modeling of the limits of sustainable operation of
tribosystems, which will significantly reduce material resources when designing new equipment. The
development of such models is based on the theoretical foundations of the stability of technical systems,
developed by O.M. Lyapunov, who created a modern theory of stability of motion of mechanical systems
determined by a finite number of parameters.

This work is a continuation of the work [1], where the results of theoretical research to determine the
limits of sustainable operation of tribosystems. The purpose of this study is to experimentally test the modeling
of the limits of stable operation of different structures of tribosystems (robustness criteria) in the conditions of
extreme lubrication with the calculation of modeling error.

Literature review

@m_ Copyright © 2022 A.V. Voitov. This is an open access article distributed under the Creative Commons Attribution License, which
t permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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In work [1] the concept of stability of tribosystems is formulated. The stability of the tribosystem is
understood as the ability to restore the original mode of operation after the removal of external influences. An
important parameter is also the limit of loss of stable operation of the tribosystem, i.e. the magnitude of the load
and the sliding speed when there is a burr or accelerated wear. According to the results of theoretical research,
the definition of robustness of the tribosystem is formulated. Robust range is a dimensionless quantity that
characterizes the range of loads and sliding speeds, taking into account design and technological features, where
the mode of wear without damage to friction surfaces.

In work [1] developed criteria for robustness of tribosystems, which, unlike previously known, are not
empirical and do not meet a certain type of design or transmission. The criteria are based on the theory of
stability of technical systems and can be applied to a large class of structures. The limits of the values of the
developed criteria when tribosystems lose stability are theoretically substantiated. Criteria allow to define loss of
stability not only on a bully, but also on the beginning of the accelerated wear that will allow to increase
forecasting of reliability of tribosystems during designing.

In work [2] Problems in estimating the stability of tribosystems based on the results of analysis of
oscillations in the normal and tangential directions of frictional interaction are considered. The authors argue that
one of the most effective ways to study nonlinear friction systems is the method of their physical and
mathematical modeling. The quasilinear subsystem is described by a system of differentiated equations,
according to which an equivalent model of a mechanical subsystem is built. Friction processes are described by
criterion equations. According to the offered criterion equations conditions of physical experiment which
provide reception of the correct results corresponding to natural conditions are formed. The authors conclude
that the use of spectral characteristics can greatly simplify the apparatus of analysis and synthesis of oscillatory
processes in a dynamic system on the actual contact spots.

To solve the problems of dynamic monitoring of friction systems and identification of the dynamic state
(stability of tribosystems) in the works [3-6] it is proposed to use integrated estimates: dissipation and degree of
dissipation in the tribosystem. The first assessment indirectly determines the friction losses, i.e. the dissipative
properties of the friction system and the friction process as a dynamic system. The second estimate determines
the amount of damping of the friction process as a dynamic connection.

According to the authors [3-6] integrated estimates allow to estimate the ratio of elastic-inertial and
dissipative forces of friction interaction, identify mechanisms of loss of stability, conditions of irreversibility in
the contact area and formulate a new direction in building systems for dynamic monitoring of friction systems
during their operation.

The methodological approach used to analyze the stability of tribosystems and set out in the works [2-6],
allows to analyze tribosystems only at the level of actual contact spots, i.e. at the micro level. Methodical
approach presented in the work [1], allows you to perform stability analysis at the macro level, taking into
account design, technological and operational factors. This approach takes into account the speed of dissipation
on the actual contact spots, which is presented in the paper [7].

The analysis of the works devoted to definition of limits of steady functioning of various designs of
tribosystems allows to draw a conclusion that at development and substantiation of such criteria it is necessary to
consider constructive, technological and operational factors of tribosystems. The geometrical dimensions of
tribocouples, physical and mechanical properties of connected materials of triboelements, tribological properties
of lubricating medium, roughness of friction surfaces are insufficiently taken into account in the works listed
above. The account of the listed factors will allow to extend the received criteria to a wide class of tribosystems
and to make such analysis system.

Purpose

The purpose of this study is to experimentally test the modeling of the limits of stable operation of
different structures of tribosystems (robustness criteria) in the conditions of maximum lubrication, which are
given in [1].

Methods

To substantiate the methodological approach in research, we use the equation of the dynamics of the
functioning of the tribosystem, which is given in [8]. The third-order differential equation is written in operator
form:

(T, T,T)p° + (T, T, + T, Ty +T,T,) p° + (T, + T, + Ty + K,K,T,) p+ K,K, +1=

(1)
= (KleTa)P + KK,
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p - adifferentiation operator that is equivalent to a record d/dt;
Ty, T», Tz — time constants, dimension s;
K, K>, K3 — gain factors, dimensionless quantities.

Expressions to calculate time constants 7; and gain factors K;, given in the work [9].

Analysis of the right-hand side of the differential equation shows that the processes of friction and wear
in the tribosystem, especially the running-in processes, depend on the first load derivative, i.e. from the load
speed. The load speed of the tribosystem can be taken into account by the coefficient of load dynamics, which is
proportional to the right part of the differential equation (1):

dw;
ka ~ (K KoTs) -+ Ko Ko, @

where the magnitude of the load (external influence during experimental studies) on the tribosystem is
determined by expression:

W;=N-vg,]/s, 3)

where N — load on the tribosystem, H;
v — sliding speed, m/s.
ti — load change time, s.

With the help of laboratory experimental studies on different structures of tribosystems at different values
of the load on the tribosystem and different rates of change of load, an expression was obtained to calculate the
coefficient of load dynamics.

When determining the robustness of the tribosystem by the parameter of the coefficient of friction:

_ KiK' Tan 4
kd[f) = 0,62 In (T , 4)
When determining the robustness of the tribosystem by the parameter of wear rate:
K{'K5'T.
kaqy = 0,95In (220, (5)
i

Taking into account the expressions of the coefficients of load dynamics (4) and (5), which were obtained
by the results of experimental studies, the formulas for determining the robustness of tribosystems, which are
given in [1], we present in the following form.

To determine the robustness of the tribosystem by the coefficient of friction:

T\T, +T\Ty  +T,T, ) (T, + T, + Ty + K,K,T}))
(TszTa,szKs +T1T2T3,f ) kd(f)

To determine the robustness of the tribosystem by the wear rate:
RR — ((T1T2 + 1,75, + 1,75, )x (T, + T, + Ty, +K2K3T1))
| =

(7,1, K,K, + T,T,Ts, )-k

RR, = ( ). (6)

L. )
d(1)

Criteria for robustness of the tribosystem RR¢ and RR; it is necessary to calculate for each load mode of
the operational series of tribosystems, taking into account the rate of change of load. If the value of the criterion
is more than one, then the tribosystem operates in a stable range. The greater the value of the criterion of
robustness, the greater the margin of steady work.

If the value of the criterion is equal to one - the tribosystem operates on the verge of losing stability. If the
value of the criterion is less than one - the tribosystem has lost stability, there is a burr or accelerated wear.

To answer the question of which parameter there was a loss of stability, it is necessary to calculate two
criteria: the coefficient of friction, formula (6) and the rate of wear, formula (7). The value of the criterion, which
first becomes less than one, answers the question of which parameter there was a loss of stability.

The standard deviation of the values of external influences during experimental research is represented by
the formula:
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1 2 8
Swy, = J;E}’Ll(WbG) ~Wpan) ©

where W), Whay), — the value of the magnitude of the external impact on the tribosystem at which there
is a loss of stability (burr or accelerated wear), measured during the experiment and the average value for the
number of repetitions n. Defined as the product of the load on the tribosystem and the sliding speed according to
the formula (3).

The coefficient of variation of measurements of external influence, at which the event of loss of stability
of the tribosystem occurs, was determined by the expression:

_ (Swy ) . C)]
Uy, = (Wb{w}) 100% .

The relative error of modeling the limits of functioning of tribosystems in the conditions of marginal
lubrication was determined by expressions:

ew, W| - 100% , (10)
blex)
where Whex), W), — the value of the value of the external influence on the tribosystem at which there is a
loss of stability (burr or accelerated wear), measured during the experiment and the results of modeling.
Experimental studies were performed on a universal friction machine, based on the friction machine 2070
SMT-1, according to the kinematic scheme "ring-ring". The design of the friction machine is presented in the
work [10]. The test complex based on friction machines 2070 SMT-1 is presented in fig. 1.

Fig. 1. Experimental equipment based on the friction machine SMT-1

During the tests, the load on the tribosystem was increased at different load speeds: 1s.; 10 s.; 20 s.

The loss of stability of tribosystems by the coefficient of friction was determined using the value of the
moment of friction, which was registered by the friction recorder of the machine 2070 SMT-1. The loss of
stability according to the parameter of the beginning of accelerated wear, was determined using the method of
acoustic emission. The measuring complex and the method of registration of AE signals are given in the work
[11]. To register acoustic radiation from the friction zone, the acoustic emission sensor was installed on a fixed
triboelement. During the tests, the event that occurred first was recorded: either an increase in the coefficient of
friction and the occurrence of burr; or the beginning of accelerated wear of triboelement materials. According to
the results of three repetitions, the mean value of the burr load or the beginning of accelerated wear, the standard
deviation of the values of the recorded values during experimental studies, the formula (8), coefficient of
variation of measurements of external influence, at which the event of loss of stability of the tribosystem occurs,
as a product of load and sliding speed (9), modeling error by the formula (10).

Results

The results of modeling the limits of stable operation of tribosystems and the results of experimental
verification are presented in the table 1. The nature of the change in the value of the external influence on the
tribosystem at which there is a loss of stability Wy for different designs of tribosystems, which are estimated
by the coefficient of form K;, m™ [12], presented in the first block of the table 1. Experimental studies of the
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limits of sustainable operation of tribosystems were performed for tribosystem steel 40H + Br.AZh.9-4,
lubricating medium E.= 3,6-10%* J/m®, (motor oil M-10G,, SAE 40, API CC), roughness of friction surfaces: Ra
= 0,2 micron; Sm=0,4 mm. The sliding speed did not change and was equal to s = 0,5 m/s. During the
experiment, the values of the form factor of the tribosystem varied Ki = 6,25 - 22,6, m™. Such values were
obtained by changing the values of the friction areas of the fixed triboelement. The following conclusions can be
drawn from the presented results. Increasing the values of the shape factor of the tribosystem expands the range
of robustness. In this case, the loss of stability of the tribosystem at low values Ki = 6,25 according to the
parameter of wear rate, occurs when Wy = 1200 N-m/s, and the parameter of the coefficient of friction Wpey =
1750 N-m/s. For the tribosystem with K; = 12,5 loss of stability occurs at the same values Wyexy = 1700 N-m/s.
For the tribosystem with Ki = 22,6 loss of stability occurs when Wyeqy = 2000 N-m/s by the coefficient of
friction. Tribosystems lose stability due to the burr of friction surfaces. The results of experimental studies of
changes in the value of the external influence on the tribosystem in which there is a loss of stability when
changing the tribological properties of the lubricating medium E., are presented in the second block of the table
1. The results are presented for the tribosystem: steel 40H + Br.AZh.9-4; coefficient of forms K; = 12,5 m?;
roughness of friction surfaces Ra = 0,2 micron; Sm=0,4 mm. Hydraulic oil was chosen as the changing factor
MG - 15V, (Ey= 2,43-10% J/m®); motor oil M - 10Ga, (Eu= 3,6-10%* J/m®); transmission oil TSp - 15K, API GL-
4, (E~= 4,18-10* J/m?3). The sliding speed did not change and was equal to vg= 0,5 m/s. Increasing the
trioological ~ properties of the lubricating medium from E, = 243-10% Jm® to
Ey = 4,18-10%* J/m® contributes to the expansion of the range of robustness of tribosystems, both in terms of
wear rate and friction coefficient.

Table 1
The results of checking the error of modeling the range of robustness of different designs of
tribosystems

. . Wh(my, Wh(ex), Swb, Vi, ewb,
Tribosystem design N-m/s N-m/s Nem/s % %

40H + Br.AZh.9-4, motor oil M-10Gy, E,=
3.6 104 J/m®, Ki = 6,25 m'L 1300 (1) 1200 (1) 200 16,6 8,3
40H + Br.AZh.9-4, motor oil M-10G,,, E,=
3.6-104 Jm®, Ki=12,5 m? 1900 1700 (1, f) 300 17,6 11,7
40H + Br.AZh.9-4, motor oil M-10G,,, E,=
3.6-10% JmP. Ki = 22,6 mt 2300 2000 () 400 20,0 15,0
40H + Br.AZh.9-4, Ky = 12,5 m'%, hydraulic
0il MG-15V, (E=2,43-10% J/m?) 850 1000 (1) 200 200 150
40H + Br.AZh.9-4, Ks=12,5 m},
motor oil M-10Gy, (Ew= 3,6-10* J/m®) 1900 1700 (1, 7) 300 17,6 117
40H + Br.AZh.9-4, Ks=12,5m?,
transmission oil TSp-15K, (E,~= 4,18-10% 2600 2350 (1) 350 14,8 10,6
Jim?).
steel 40H+ steel 40H, (RSzsmax = 326,7; m
Y; Ky = 12,5 mt, motor oil M-10Gz, Ew= 1300 1150 (f) 250 21,7 13,0

3,6:10% J/m3

steel 40H+ Br.AZh.9-4, (RSrsmax = 436,0;
1/m); K¢ = 12,5 m't, motor oil 1900 1700 (I, f) 300 17,6 11,7
M-10Gz,, Ey= 3,610 J/m®

steel 40H+ LMCSKA 58-2-2-1-1, (RSrsmax
= 460,9; 1/m), K; = 12,5 m, motor oil M- | 1950 1800 (1, f) 300 16,6 83
10Gz, E=3,6'10% J/m?

Tribosystem Nel: steel 40H+ steel 40H,
(RSrsmayy = 326,7; m?), Ki = 6,25 m?,
hydraulic oil MG — 15V, (E~ 2,43-10%
JIm3), Qo= 1,12-10%° J/m?3.

650 750 (1) 150 20,0 13,3

Tribosystem Ne2: steel 40H+ Br.AzZh.9-4,
(RSrsmaxy = 436,0; 1/m); K: = 12,5 m?,
motor oil M-10G2, Eu= 3,6-101* J/m?,

Qo =5,5-10%J/m?,

1900 1700 (1, f) 300 17,6 11,7

Tribosystem Ne3: steel 40X+ LMcSKA 58-
2-2-1-1, (RSrsmax) = 460,9; m1), K; =145,
m?;  transmission oil TSp-15K, E,=
4,18-10% J/m3, Qg = 7,69-10%° J/md.

3100 2900 (1) 350 12,0 10,3
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Loss of stability of the tribosystem when using hydraulic oil MG - 15V occurs when loading Whpexy =
1000 N-m/s, by the coefficient of friction. With increasing tribological properties of the lubricating medium to
Ey=4,18-10 J/m? (transmission oil TSp - 15K), the stability limit of the tribosystem increases to values Wiex
= 2350 N-m/s. Loss of stability occurs according to the parameter of wear rate.

The results of experimental studies of changes in the value of the external influence on the tribosystem in
which there is a loss of stability when changing the rheological properties of the structure of bound materials in
the tribosystem RSzsmax), [13], presented in the third block of the table 1.

The results are presented for the tribosystem: coefficient form K = 12,5 m; roughness of friction
surfaces Ra = 0,2 micron; Sm=0,4 mm. Lubricating medium - motor oil M — 10Gy, (Es= 3,6:10%* J/m®). The
following was chosen as the changing factor: "steel 40H + steel 40H", (RSrsmaxy = 326,7; 1/m); "steel 40H +
Br.AZh.9-4", (RSrsmax = 436,0; 1/m); "steel 40H + LMcSKA 58-2-2-1-1", (RSrsmax = 460,9; 1/m).

Increasing the rheological properties of bound materials in the tribosystem from RSzsmaxy = 326,7 m? to
RSrsmay = 460,9 m contributes to the expansion of the range of robustness of tribosystems, both in terms of
wear rate and friction coefficient. The following values were obtained for these parameters. When using the
tribosystem "steel 40H + steel 40H", burr occurs at Wyexy = 1150 N-m/s by the coefficient of friction. When
using tribosystems with connected materials "steel 40H + Br.AZh.9-4" and "steel 40H + LMcSKA 58-2-2-1-1",
loss of stability on the parameter of the coefficient of friction and wear rate does not differ and increases to the
value Wpex) = 1700 - 1800 N-m/s.

The results of experimental studies of changes in the value of the external influence on the tribosystem in
which there is a loss of stability when changing all the above factors, which can be taken into account by the
value of the quality factor of the tribosystem Qo, presented in the fourth block of table 1. Determination of the
quality factor of the tribosystem is given in the paper [14].

The results are presented for three tribosystems.

1.Tribosystem Nel: "steel 40H + steel 40H", (RSrsmax) = 326,7; mY); K;=6,25, m; lubricating medium
E=2,43-10% J/m3, (MG-15V). Roughness of friction surfaces Ra = 0,2 micron; Sm=0,4 mm. The magnitude of
the quality factor of the tribosystem Qo = 1,12-10% J/md,

2.Tribosystem Ne2: "steel 40H + Br.AZh.9-4", (RSrsmax) = 436,0; m?); Ky=12,5, m%; lubricating medium
Ey=3,6-10%* J/m3, (M-10G,). Roughness of friction surfaces Ra = 0,2 micron; Sm=0,4 mm. The magnitude of
the quality factor of the tribosystem Qo = 5,5-10%° J/m®,

3.Tribosystem Ne3: "steel 40H + LMcSKA 58-2-2-1-1", (RSrsimax) = 460,9; mt); Ki=14,5, m; lubricating
medium E,= 4,18-10%* J/m®, (TSp-15K). Roughness of friction surfaces Ra = 0,2 micron; Sm=0,4 mm. The
magnitude of the quality factor of the tribosystem Qo = 7,69-10%° J/md,

Increasing the value of the quality factor of the tribosystem, which also takes into account the coefficient
of form, tribological properties of lubricating medium, rheological properties of connected materials in the
tribosystem, thermal conductivity of materials of movable and fixed triboelements, loading and speed of sliding,
from values Qo = 1,12-10° J/m?, (tribosystem Nel), to Qo = 7,69-10% J/m®, (tribosystem Ne3), contributes to the
expansion of the range of robustness, both in terms of wear rate and the parameter of the coefficient of friction.

Loss of stability when using the design of the tribosystem Nel occurs at the value of external influences
Whey = 750 N-m/s by the coefficient of friction. As the quality factor increases (tribosystem Ne3), the stability
limit of the tribosystem increases to values Wpex = 2900 N-m/s by the wear rate parameter.

The results of experimental studies suggest that not all designs of tribosystems lose stability in terms of
the coefficient of friction, i.e. after the appearance of burr friction surfaces. There are options when the loss of
stability occurs due to accelerated wear of materials.

The experimental data shown in table 1, obtained at the time of loading of the tribosystem equal to 20 s.
With this value of the load time, the dynamics coefficients correspond to the minimum values: kyn=3,42;
kaay=4,37, formulas (4) and (5). When the load time decreases, up to 1 s., the coefficients increase significantly,
for example: kqn=6,4; kay=7,38. Figure 1 presents the theoretical dependences of changes in the coefficients of
dynamism of different structures of tribosystems on the parameters of the coefficient of friction and wear rate on
the value of the load time.

Experimental dependences of the influence of dynamism coefficients on the value of the limit of loss of
stability (burr or accelerated wear) are presented in fig..2.

The results of checking the modeling error and the coefficient of variation of the obtained experimental
values when changing the magnitude of the external influence on the tribosystem, in which there is a loss of
stability of different structures of tribosystems, allow us to draw the following conclusions.

Calculation of the error in determining the limit of stable operation of tribosystems according to the
formula (10) when changing the shape factor of tribosystems allows us to say that the error value is equal to
ew= 8,3 - 15,0%, at the coefficient of variation vw= 16,6 - 20,0%. As follows from the obtained results,
increasing the coefficient of shape leads to an increase in modeling error.



Problems of Tribology 47

kg

W,z
7

N
. \\ 3000
4 ) 7\ 1200 1\3\\\\

3 600 e
2 —— - - e
] 10 20 1 3 5 7 kg
Fig. 2. Dependences of change of coefficients of Fig. 3. Dependences of change of size of limit of
dynamics of loading k¢ different designs of loss of stability of various designs of tribosystems
tribosystems from the value of the load time ti: 1 — by Wb from the value of the load factors ka: 1 —
the coefficient of friction; 2 — by the wear rate tribosystem Nel; 2 — tribosystem Ne2; 3 —
parameter tribosystem Ne3

The calculation of the error in determining the limit of stable operation of tribosystems when changing
the tribological properties of the lubricating medium allows us to say, that the value of the simulation error is
within ew= 10,6 - 15,0%, at the coefficient of variation vw= 14,8 - 20,0%. Greater error is inherent in the use of
lubricating media with low values of tribological properties.

Comparison of experimental results with modeling results at change of rheological properties of the
connected materials in a tribosystem allows to assert, that the error value is within ew= 8,3 - 13,0%, at the
coefficient of variation vw= 16, - 21,7%. Greater error is inherent in the use of bonded materials with low values
of rheological properties.

Comparison of experimental results with simulation results when changing all the above factors, which
can be taken into account by the quality factor of the tribosystem Qo, allow to state that the value of modeling
error is within ew= 10,3 - 13,3%, at the coefficient of variation vw= 12, - 20,0%. Greater error is inherent in the
use of tribosystems with low quality values.

The introduction of coefficients of dynamism (4) and (5) in the calculated expressions for determining the
robustness of tribosystems (6) and (7) reduces the modeling error.

Conclusions

An experimental test of modeling the limits of stable operation of various structures of tribosystems
(robustness criteria) in the conditions of maximum lubrication, which were developed in [1]. The results of the
experimental test confirmed the previously concluded conclusion that not all structures of tribosystems lose
stability in terms of the coefficient of friction, i.e. the appearance of burrs on the surfaces of the friction. At low
values of the coefficient of shape and low values of the quality factor of the tribosystem, the loss of stability
occurs due to accelerated wear of materials.

Expressions for calculation of criteria of robustness of tribosystems taking into account speed of change
of loading on tribosystem are received. The rate of change of load is taken into account by the coefficients of
dynamism, which are obtained taking into account the right-hand side of the differential equation of the
dynamics of the tribosystems. Analysis of the obtained theoretical results on the assessment of the robustness of
tribosystems and their comparison with the results of the experiment, allow us to state that the obtained
conditions of stable operation of tribosystems (robustness criteria) in the form of expressions (6) and (7), allow
theoretically, with error 10,3 - 13, 3%, define the limits of sustainable work.

Criteria for robustness of the tribosystem by wear rate and friction coefficient should be used in the
design of tribosystems. By changing the design and technological parameters of the structure, it is possible to
ensure the operation of the tribosystem, which is designed in a given load-speed range without damage and with
a margin of safety.

References

1. Vojtov V., Voitov A. Simulation of boundaries of tribosystems functioning in the conditions of border
oiling // Problems of Friction and Wear, 2021, Ne. 4 (93). — pp. 58-69. https://doi.org/10.18372/0370-
2197.4(93).16262 [Ukraine]

2. Shapovalov V.V., Sladkovski A., Erkenov A.CH. Aktual'nyye zadachi sovremennoy tribotekhniki i
puti ikh resheniya / lzvestiya vysshikh uchebnykh zavedeniy. Mashinostroyeniye, 2015, Nel(658), s. 64-75.
[Russian]



48 Problems of Tribology

3. Ozyabkin A.L. Dinamicheskiy monitoring tribosistemy «Podvizhnoy Costav—put'» / Vestnik RGUPS,
2011, Ne 2, s. 35-47. [Russian]

4. Ozyabkin A.L., Kolesnikov 1.V. Metody povysheniya nadezhnosti rez'bovykh soyedineniy tormoz-
nykh sistem vagonov / Vestnik RGUPS, 2011, Ne 4, s. 66—75. [Russian]

5. Ozyabkin A.L., Kolesnikov 1.V., Kharlamov P.V. Monitoring tribotermodinamiki friktsionno-go
kontakta mobil'noy tribosistemy / Treniye i smazka v mashinakh i mekhanizmakh, 2012, Ne 3, s. 25-36.
[Russian]

6. Ozyabkin A.L. Teoreticheskiye osnovy dinamicheskogo monitoringa friktsionnykh mobil'nykh si-
stem / Treniye i smazka v mashinakh i mekhanizmakh, 2011, Ne 10, s. 17-28. [Russian]

7. Vojtov V.A., Zakharchenko M.B. Modelirovaniye protsessov treniya i iznashivaniya v tribosiste-
makh v usloviyakh granichnoy smazki. Chast' 1. Raschet skorosti raboty dissipatsii v tribosisteme. // Problemi
tribologii. — 2015. - Ne 1. — S. 49-57. [Russian]

8. Voitov A. Structural identification of the mathematical model of the functioning of tribosystems under
conditions of boundary lubrication / Problems of Tribology, 2021, V. 26(2/100), p. 26-33.
https://doi.org/10.31891/2079-1372-2021-100-2-26-33 [English]

9. Voitov A. Parametric identification of the mathematical model of the functioning of tribosystems in
the conditions of boundary lubrication / Problems of Tribology, 2021, V. 27(3/101), p. 6-14.
https://doi.org/10.31891/2079-1372-2021-101-3-6-14 [English]

10. Vojtov V.A., Bazderkin V.A. Universal'naya mashina treniya / Treniye i znos, 1992, T.13, Ne3, s.501-
506. [Russian]

11. Vojtov V.A., Fenenko K.A., Voitov A.V. Metodyka diahnostuvannya riznykh konstruktsiy trybosy-
stem metodom akustychnoyi emisiyi // Problemy tertya ta znoshuvannya. 2021. — Ne. 2 (91). — S.18-26. DOI:
10.18372/0370-2197.2(91).15525 [Ukraine]

12. Vojtov V.A. Printsipy konstruktivnoy iznosostoykosti uzlov treniya gidromashin / V.A. Voy-tov,
0.M. Yakhno, F.KH. Abi Saab — K.: Nats. tekhn. un-t «Kiyev. politekhn. in-t», 1999. — 190 s. [Russian]

13.Voitov A. V. Zalezhnosti zminy reolohichnykh vlastyvostey struktury spoluchenykh materialiv u
trybosystemi pid chas prypratsyuvannya // Problemy tertya ta znoshuvannya. 2020. — Ne. 3 (88). — S. 71-78.
http://dx.doi.org/10.18372/0370-2197.3(88).14921 [Ukraine]

14.Vojtov V.A., Voitov A.V. Assessment of the quality factor of tribosystems and it’s relationship with
tribological characteristics // Problems of Tribology, V. 25, No 4/98 - 2020, 20-26.
https://doi.org/10.31891/2079-1372-2020-98-4-20-26 [English]



Problems of Tribology 49

BoiitoB A.B. [lapamerpuuHa inentudikawiss mMareMaTHyHol Mozxeni (QyHKLIIOHYBaHHS TPHUOOCHCTEM B
YMOBAax IPaHUYHOTO MAIICHHS

Y poborti mpejcTaBiieHa eKCIIEpUMEHTAIbHA MIEepeBipKa MOJIEIIOBAHHS MEX CTIHKOro (hyHKLIOHYBaHHS
Pi3HUX KOHCTPYKWii TpubocucTeM (KpUTEpiiB poOAacTHOCTI) B yMOBaxX TPaHWYHOTO MamleHHA. PesymbraTth
eKCIePUMCHTAIBHOI TEpPEeBIPKH TIATBEpOMIN 3pOOJICHUI paHille BHCHOBOK, HIO0 HE BCi KOHCTPYKIII
TPUOOCUCTEM BTPAdyarOTh CTIHKICTH 3a MapaMeTpoM KoedimieHTa TepTs, TOOTO MO TOSBI 3aqHpy IOBEPXOHB
TepTs. [IpM HM3BKMX 3HAUYEHHSAX KoedimieHTa (GOpMH Ta HHU3BKHX 3HAUYEHHSIX HOOPOTHOCTI TPHUOOCHCTEMH,
BTpaTa CTIHKOCTI HacTa€ 3a MPUCKOPEHNM 3HOITYBAHHSAM MaTepialiB.

OTpuMaHO BUpPa3H IUII PO3PaXyHKY KpPHUTEpiiB poOAcTHOCTI TPHOOCHCTEM 3 YpaxyBaHHAM IIBHUIKOCTI
3MIiHM HaBaHTaXeHHs Ha Tpubocucremy. LIBHIKICTH 3MiHM HaBaHTa)KEHHS BPaxXOBYEThCS Koe(ilieHTaMu
JUHAMIYHOCTI, SIKI OTPHMAaHO 3 YpaxyBaHHSIM MpaBOi YacTWHH JH(EPEHLIANEHOTO PIBHSHHS JUHAMIKH
¢yHKIiOHYBaHHS TpUOOCHUCTEM. AHAJI3 OTPUMaHHX TEOPETUYHHMX pe3YyJbTaTiB 3 OIIHKKM poOacTHOCTI
TpubocucTeM Ta iX 3iCTaBJIEHHS 3 Pe3yJbTaTaMH EKCIIEPUMEHTY, JI03BOJIIIOTH CTBEPIXKYBATH, IO OTPHMaHi
YMOBH cTajioi pobotu TpubocucTeM (KpuUTepii poOacTHOCTI) TO3BONISIOTh TEOPETHYHHUM HIIIXOM, 3 TTOXHOKOFO
10,3 - 13, 3 %, BU3HAYUTH MEXKi CTIHKOI pOOOTH.

Kputepii pobacTHOCTI TpuOOCHCTEMH 32 MIBHAKICTIO 3HOIIYBAHHSA 1 32 KOe(illileHTOM TepTs HEOoOXimHO
3aCTOCOBYBATH IIPH MPOCKTYBAaHHI TPHOOCHUCTEM.

KmrouoBi cioBa: TtpubocucTeMa; MareMaTH4Ha MoJeib; Iu(eEpeHLidHe pPIBHSAHHS, MapaMeTpHYHa
inmeHTUdIKaIisA; Koe(illieHT MOCWICHHS; IOCTiHHA Yacy; TpaHHYHE MAacTWIO; JOOPOTHICTh TPHOOCHUCTEMH;
IIBUJIKICTh POOOTH TUCHIIAITIT
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Abstract

The article is dedicated to the study of the influence of the alloying of the auger by the chromium on its
wear during dehydration of solid waste in the garbage truck. Using the method of regression analysis, the
hyperbolical dependencies of auger wear depending on the chromium content in its hardened steel for different
values of the friction path are determined. Graphical dependences of augur wear depending on the chromium
content in its hardened material as a function of the friction path are made up, and it confirms sufficient
convergence of the obtained dependencies. Carried out additional regression analysis allowed to determine that
that during two weeks of operation of the auger during dehydration of solid waste in the garbage truck increasing
of the chromium content in its hardened material from 0.25% to 12% reducing the speed of the wearing and
energy consumption of solid waste dehydration from 12.2% to 3.1%, and, consequently, to reduce the cost of the
process of their dehydration in the garbage truck. It is shown the graphical dependence of the reduction of energy
consumption of dehydration of solid household waste by the hardened auger due to its alloying by the chromium.
It was established the expediency of further research to determine the rational content and structural state of the
material of the auger and the ways to increase its wear resistance.

Key words: wear, chromium content, auger press, garbage truck, dehydration, solid waste, regression
analysis

Introduction

The increasing of the wear resistance and reliability of machine parts is the important task of the
municipal machine building [1, 2]. A promising technology for primary processing of municipal solid waste
(MSW), aimed at reducing both the cost of transportation of solid waste and the negative impact on the
environment is their dehydration, accompanied by pre-compaction and partial grinding. Dehydration of solid
waste in the garbage truck is performed using a conical screw, the surface of which due to the existing friction
wears out intensively. This is due to the fact that solid waste contains small metal parts, glass, ceramics, stones,
bones, polymeric materials, which have abrasive properties. Besides, the presence of moisture 39-92% by weight
in MSW creates an aggressive corrosive environment. For the manufacturing of the augers, the alloyed steels are
widely used. The usage of steels and cast irons which are alloyed by chromium is well-grounded. Such alloys
harden well and have high resistance to corrosion and abrasive wear. Therefore, the study of the influence of the
chromium content in the hardened steel of the auger on its wear during dehydration of solid household waste in
the garbage truck is a topical task.

Literature review

The results of experimental studies of wear resistance of different auger materials with different thermal
and chemical-thermal treatment in a corrosive-abrasive environment on special friction machines that simulated
the operating conditions of extruders in the processing of feed grain with saponite mineral impurities are
published in the paper [3]. The authors found that the wear resistance of materials in a corrosive-abrasive

Copyright © 2022 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi. This is an open access article distributed under the Creative
@m_ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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environment at elevated temperatures depends not only on the hardness of the friction surface, but also on its
structure and phase composition and changes in the hardness gradient along the depth of the hardened layer. To
ensure high wear resistance of extruders in the manufacture of animal compound feed with impurities of the
mineral saponite, it is recommended to use for the manufacture of parts of the extrusion unit steel X12, hardened
by nitro-hardening technology.

The paper [1] is dedicated to the research of the tribotechnical characteristics of cast high-chromium
alloys followed by heat treatment.

The author of the article [4] investigated the influence of chromium alloying of structural steel on its
abrasive wear resistance after high-temperature thermomechanical treatment. It is noted that the combined
treatment, which consists of a combination of chromium alloying in the amount of 1 ... 5% and high-temperature
thermomechanical treatment can be recommended for practical use as an effective means of increasing the
strength of steels. The hardening of steel in this structural state reaches its maximum value after alloying by 1 ...
2% of chromium.

In the article [5], a mathematical model for calculating the wear rate of triboelements in a tribosystem
operating in conditions of corrosion and abrasive wear was developed. The input factors were: active acidity,
abrasiveness, roughness, load and sliding speed. Theoretically, the degree of influence of the above factors on
the wear rate is established. It was found that abrasiveness is the most important factor, followed by the degree

of decline — the level of active acidity and load.

Authors of the article [6] presented a new design of the auger with a sectional elastic surface, which is
designed to reduce the degree of damage to the grain material during its transportation. The theoretical
calculation of the interaction of the grain with the elastic section of the auger is carried out. A dynamic model
has been developed to determine the influence of structural, kinematic and technological parameters of the
elastic auger on the time and path of free movement of bulk material particles during their movement between
sections, as well as to exclude the possibility of grain material interaction with the non-working surface of the
auger working body to reduce the possibility of its damage.

In the paper [7] it was determined that restoration of the auger requires surfacing or spraying a layer of a
certain thickness on the end part of the coil of the auger, while the width of the restored layer is usually a few
millimeters. An algorithm for selecting the optimal composite powder material for plasma spraying in order to
increase the wear resistance of the working surfaces of machine parts, in particular the auger, is described.
Plasma spraying of composite powder materials, according to the authors, will increase the durability of the
auger by 2-3 times, which will reduce repair costs by tens of times.

The influence of geometrical parameters on productivity and design of the briquetting machine using the
model of pressure based on the theory of piston flow is investigated in the article [8]. An analytical model that
uses a pressure model was also developed based on Archard wear law to study the wear of augers of biomass
briquetting machines. The developed model satisfactorily predicted the wear of the auger and showed that the
greatest influence on it have the speed of rotation and the choice of material. The amount of wear increases
exponentially to the end of the auger, where the pressure is the highest. Changing the design of the auger to
select the optimal geometry and speed with the appropriate choice of material can increase the life of the auger
and the productivity of the machine for briquetting biomass.

The analysis of the process of screw briquetting of plant materials into fuel and feed is investigated in the
work [9]. Regularities of this process are the basis for determining the rational parameters of the working bodies.
When designing briquette presses it is necessary to consider deformation of biomass taking into account change
of physical and rheological properties at the moment of interaction with the working surfaces of the auger.

In the article [10] the wear of a twin-auger extruder of rigid PVC resins is investigated. The pressures
around the cylinder when extruding two rigid PVC resins in a laboratory extruder with a diameter of 55 mm
were measured and the forces acting on the auger core were determined. Numerical simulation of the flow was
performed using the power parameters of the viscosity of the resins.

The process of pressing wood chips in auger machines was investigated in the work [11]. The processes
occurring in different parts of the auger are established, formulas are defined that allow to calculate the loads
acting on the auger coils, as well as to determine the power required for pressing. The specific energy
consumption and the degree of heating of raw materials during pressing are determined.

The results of experimental studies of the process of solid dehydration based on the planning of the
experiment by the Box-Wilson method are shown in the article [12]. Quadratic regression equations with the 1%
order interaction effects were obtained using rotatable central composite planning for such objective functions as
humidity and density of pre-compacted and dehydrated MSW, maximum drive motor power, energy
consumption of solid waste dehydration. This allowed to determine the optimal parameters of equipment for
dehydration by the criterion of minimizing the energy consumption of the process (auger speed, the ratio of the
radial gap between the auger and the body, and the ratio of the auger core diameter to the outer diameter of the
auger on the last coil) for both mixed and “wet”.

In the article [13] the improved mathematical model of work of the dehydration drive of MSW in the
garbage truck is suggested that takes into account wear of the auger, which allowed to research numerically the
dynamics of this drive during the start-up, and to define that with the increase of wear of the auger pressure of
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working liquid on the speed of the auger it is significantly reduced. The power regularities of change of the
nominal values of pressures at the inlet of the hydraulic motor, angular speed and frequency of rotation of the
auger from values of its wear are defined, the last of which describes detuning from optimum frequency of
rotation of the auger in the course of its wear. It is established that the wear of the auger by 1000 pm leads to an
increase in the energy consumption of solid dehydration by 11.6%, and, consequently, to an increase in the cost
of the process of their dehydration in the garbage truck and accelerate the wear process.

In the paper [14], the influence of carbon content in the auger material on its wear during dehydration of
solid waste in the garbage truck was investigated by means of the regression analysis method. It was also found
that during operation and the wearing process of the auger on the path s = 56850 m during dehydration of solid
waste in the garbage truck, the increase of the carbon content in the auger material from 0.2% to 2.1% leads to a
decrease in the growth rate of energy consumption of solid waste dehydration from 19.6% to 4.4%, and,
consequently, to reduce the cost of dehydration in the garbage truck.

Purpose

Researching the influence of the chromium content in the hardened steel of auger on its wear during
dehydration of solid waste in a garbage truck.

Methods

Determination of paired dependencies of auger wear from the chromium content in the hardened steel was
performed by regression analysis [15]. Regressions were determined on the basis of literalizing transformations,
which allow to reduce the nonlinear dependence to the linear one. The coefficients of regression equations were
determined by the method of least squares using the developed computer program "RegAnaliz", which is
protected by a copyright registration certificate, and is described in the article.

The following dependencies were used to determine the energy consumption of solid dehydration taking
into account the auger wear [13]:
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where E — is the energy consumption of solid waste dehydration, kW -h/tons; po — initial density of solid waste,
kg/m3; wo — initial relative humidity of solid waste, %; n — the nominal speed of the auger, rpm; u - auger wear,
m; Aag - radial clearance between auger and housing, m; dmin — outer diameter of the auger on the last coil, m;
Dnin is the diameter of the auger core on the last coil, m.

Results

The values of auger wear for different values of chromium content in the hardened steel of auger and
friction path are given in Table 1 [3]. As a result of regression analysis of the data in Table 1, it was determined
the hyperbolical dependencies of wear of the auger depending on the hardness of its surface for different values
of the friction path:
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where u — wear, um; Ccr — chromium content in the hardened steel of auger, %; s — friction path, m.

Table 1

The results of regression analysis of the dependence of the wear of the auger depending on the chromium

content in the hardened steel and the friction path [3]

N Material of the auger Chromium content in | Wear, um, for the friction path, m
§ the auger material, % 3000 | 6000 | 9000 | 12000
1 | Steel 45 0.25 53 | 103 | 153 203
2 | Steel IIIX15 15 43 80 | 116 152
3 | Steel X12 12 39 72 | 105 138

Fig. 1 shows graphical dependences of auger wear depending on the chromium content in the hardened
steel for different values of the friction path, made up using the dependences (3 - 6), which confirmed the
sufficient convergence of the obtained dependencies compared with the data in the Table 1.
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Fig.1 The wear of the auger depending on the chromium content in the hardened steel for different values of the
friction path (a) — s = 3000 m, (b) — s = 6000 m, (c) —s = 9000 m, (d) — s = 12000 m: actual o, theoretical —

Dependences (3 - 6) for different values of the friction path can be written in general as follows

u= CCF , (7)
B(s)Cc — A(S)

where A(s), B(s) — regression coefficients that depend on the path of friction.
After the additional regression analysis, the regression coefficients which depend on the friction path can

be described by power laws:

1

A(s) = ;
66.64 +0.09338s
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The results of the regression analysis are shown in Table 2, where the cells with the maximum values of
the correlation coefficient R for each of the paired regressions are marked in gray. Figure 2 shows the graphical
dependences of the regression coefficients on the path of friction, constructed using the dependences (8,9),
which confirm the sufficient convergence of the obtained dependencies.

Table 2

The results of regression analysis of the dependence of the wear of the auger depending on the chromium
content in the hardened steel for different values of the friction path

No Type of Correlation coefficient R for paired regressions
) regression Us=3000=f(Ccr) | Us=6000=(Ccr) | Us=0000=f(Ccr) |Us=12000=F(Ccr)|  A=f(s) B=f(s)
1| y=a+hx 0.78434 0.76548 0.74538 0.73568 0.95672 0.93902
2|y=1/(a+bx) 0.82777 0.81508 0.79543 0.78565 0.99911 1.00000
3ly=a+b/x 0.98985 0.99365 0.99664 0.99772 0.99597 0.99957
4] y=x/(a+bx) 0.99998 0.99998 0.99998 0.99999 0.98313 0.98541
5| y=ak 0.80603 0.79008 0.77000 0.76015 0.99128 0.98339
6| y=ae™ 0.80603 0.79008 0.77000 0.76015 0.99128 0.98339
7| y=a-10™ 0.80603 0.79008 0.77000 0.76015 0.99128 0.98339
8| y=1/(a+bhe¥) 0.99736 0.99873 0.99985 0.99998 0.98832 0.98832
9| y=ax 0.96900 0.96212 0.95287 0.94812 0.99742 0.99985
10| y=a+ blgx 0.95954 0.95070 0.94075 0.93575 0.99540 0.98841
11| y=a+bInx 0.95954 0.95070 0.94075 0.93575 0.99540 0.98841
12|y=al(b+x 0.82777 0.81508 0.79543 0.78565 0.99910 0.99999
13ly=ax/(b+x) 0.97675 0.98128 0.98712 0.98955 0.91241 0.92863
14| y = ae/~ 0.98414 0.98849 0.99284 0.99455 0.96816 0.98033
15| y=a-10°/* 0.98414 0.98849 0.99284 0.99455 0.96816 0.98033
16| y=a+bx" 0.72971 0.70897 0.68701 0.67645 0.89126 0.86559
B
0.0024
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Fig. 2. Dependences of regression coefficients on the friction path (a) — A = (s), (b) — B = f(5): actualo, theoretical —

After substituting the laws (8, 9) into the dependence (7), we obtain the law of wear of the auger
depending on the chromium content in the hardened steel and the friction path

CCr

C., /(5.971+0.0109s) —1/(66.64+0.09338s)

(10)

Fig. 3 shows a graphical dependence of the wear of the auger in the plane of the parameters of influence:
the chromium content in the hardened steel and the friction path.
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Fig. 3. The dependence of the wear of the auger u in the plane of the parameters
of influence: the content of the chromium Ccr in the hardened steel and the friction path s

Figure 4 shows the graphical dependence of the influence of the chromium content in the hardened steel
of the auger of the device for dehydration of solid waste on the energy consumption of the process (s = 56850 m
[14]), made up using dependencies (1, 2, 10).
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Fig. 4. The influence of increasing of the chromium content in the hardened steel of the auger on energy
consumption of the MSW dehydration process after its operation and wear on the path s = 56850 m

As shown on the Fig. 4, after operation and wear on the path s = 56850 m during dehydration of MSW in
the garbage truck, the increase in chromium content in the hardened steel of the auger from 0.25% to 12% leads
to reduced energy consumption and to cheap the process of dehydration of solid waste in the garbage truck,
which indicates the importance of determining the rational composition and structural state of the material of the
friction surfaces of the auger and the ways to increase its wear resistance.

Conclusions

The hyperbolic dependencies of the auger wear depending on the chromium content in its hardened steel
for different values of the friction path are determined. Carrying out additional regression analysis allowed to
obtain the dependence of wear of the auger depending on the chromium content in its hardened steel and the
friction path. It is established that on the way of auger wear s = 56850 m during dehydration of solid household
waste in garbage truck, the increase of chromium content in auger steel from 0.25% to 12% allows to reduce
energy consumption of solid waste dehydration from 12.2% to 3.1%, and, consequently, to reduce the cost of the
process of dehydration in the garbage truck. Therefore, determining the rational composition and the structural
state of the material of the friction surfaces of the auger and the ways to increase its wear resistance require
further research.
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Bepesiok O.B., Casyiisik B.1., XapsxeBcbkuii B.O. BrumiB jieryBaHHs XpoMOM IIHEKa Ha HOTO 3HOC TTiJ
4ac 3HEBOJHEHHsI y CMITTEBO31 TBEPAUX MOOYTOBUX BiIXO/IB

CrarTs TpHCBSYEHA JIOCTIIPKCHHIO BIUIMBY JIETYBaHHS XpOMOM INHEKa Ha HOro 3HOC I dYac
3HEBOJHEHHS TBEPIUX MOOYTOBHX BiIXOHIB y CMITTEBO3i. 3a JONMOMOTOI0 BUKOPHUCTAHHS METOIy perpeciifHoro
aHaJi3y BU3HAYCHO TinepOoivHi 3aKOHOMIPHOCTI 3HOCY IIHEKa 3aJIe’KHO BiJ BMICTY XpOMy B HOTO rapToBaHii
CTaJi s pi3HUX 3HA4eHb NULIXy TepTs. [loOymoBaHO TpadivHi 3aJeKHOCTI 3HOCY IHEKA 3aJIEXKHO Bi BMICTY
XpoMy B HOTro rapTroBaHOMY Marepiaii K (GYHKOIi NOIAXYy TepTs, MIATBEPKCHO ITOCTATHIO 301KHICTH
OTPHMaHUX 3aKOHOMipHOCTeH. JlomaTKOBHI perpeciiiHuii aHaji3 JO3BOJMB BCTAHOBUTH, IO TPH JBOTHKHEBIH
eKCIUTyaTalii HeKa [T 3HEBOAHEHHS TBEPANX MOOYTOBHUX BiXOIIB Y CMITTEBO31 30UIBIICHHS BMICTY XpOMY B
raproBaHoMy Matepiaini mHeka 3 0,25% 10 12% m03Bossie 3HU3UTH MIBUIKICTH 3HOIIYBAaHHS Ta CHEPrOEMHICTh
3HEBOJIHCHHS TBEpJUX MOOYyTOBUX BiaxomiB 3 12,2% mo 3,1%, a, oTxke, 1 10 3[CIICBICHHS MPOIECY iXHBOTO
3HEBOJHCHHS y cMiTTeBo3i. [lokasana rpadiuyHa 3alekKHICTh 3HIDKCHHS EHEPrOEMHOCTI 3HCBOIHCHHS
rapTOBaHUM LIHEKOM TBEPAMX MOOYTOBHX BiJIXOJIB BHACITIJOK HOTO JIEryBaHHsSI XpOMOM. BUsIBI€HO NONIIBHICTD
MPOBEICHHS TOJANBIINX JOCHIIKEHb 3 BU3HAYEHHs PalliOHAIBHOTO CKJIAAy 1 CTPYKTYPHOTO CTaHy Marepiainy
IIHEKa Ta MUIAXIB MiJBUIICHHS HOTO 3HOCOCTIHKOCTI.

KirouoBi ciioBa: 3HOC, BMICT XpoMy, rapTyBaHHS, ITHEKOBHH IPEC, CMITTEBO3, 3HEBOJHEHHS, TBEPIi
MoOyTOBI BiTXO/H, perpeciiiHuil aHami3
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Abstract

The paper presents the results of the study of abrasion-resistant coatings obtained by surfacing on
alloying compositions Fe-Cr-Mo-V-C and Fe-Cr-B4C-Mo-C.lIt is established that with the increase of chromium
in alloying compositions from 2% to 10%, the hardness and wear resistance of coatings increases due to the
formation of a significant amount of complex alloyed carbides.The microhardness of the structural components
of the deposited coatings correlates with the percentage of carbido-forming elements. Chromium-based coatings
with the addition of vanadium, molybdenum and boron have shown high wear resistance under abrasive wear.

Key words: electric arc surfacing, alloying compositions, carbide inclusions, alloyed structures,
microhardness.

Introduction

With the use of surfacing, parts are made that have special service characteristics of working surfaces, as
well as their initial dimensions and operational properties of worn surfaces are repeatedly restored.Arc surfacing
methods have become the dominant use in production practice. One of the most common methods is surfacing in
shielding gases. And the development of surfacing technology using alloying elements is very important.

The main contribution to the wear resistance of the material is made by harder components, which are
often carbides. Hence the desire to increase the amount of carbides in the structure of wear-resistant alloys.
Sometimes their number is increased to 90% [1,2]. It is established that wear resistance is affected not only by
size but also by the shape of carbides [3].

Grinding of carbide inclusions (for example, as a result of accelerating the crystallization of cast iron)
increases wear resistance. Moreover, carbides in the form of isolated inclusions most intensively increase wear
resistance. Less wear-resistant alloys have the structure of which contains ordinary cementite - an unstable
phase. Under conditions of friction during operation, according to the modern theory of friction and wear, in the
microzones of molecular adhesion there are so-called "high-temperature™ points at which the substance can even
pass into a plasma state. Under the influence of temperature, the wear-resistant components of the surface layer,
in particular cementite, disintegrate, which leads to accelerated wear of working surfaces [5,6]. To stabilize
cementite, it is necessary to introduce alloying elements that prevent the decomposition of cementite, namely:
Cr, V, B, Mo and others.

One of the cheapest and most affordable elements is chrome, so it is most widely used in surface alloying
of products [10]. The expediency of alloying the welded surfaces with chrome is due to the following
circumstances:

- chromium cementite (Fe, Cr)sC has a higher hardness and therefore wear resistance than unalloyed FesC
cementite [1];

- doping with chromium increases the melting temperature of ledeburite, and hence the phenomenon of
local melting at the points of high-temperature "flashes" in the "molecular” setting in the zone of friction and
wear occurs much less frequently in alloyed cast iron;

- chromium increases chemical resistance and reduces oxidative wear at "setting points".

Studies of the processes of abrasive-corrosion wear of chromium steels [4,7,8,9] have shown that at low
and moderate intensity of abrasive particles have sufficient resistance to steels with chromium content up to
14%. Instead of chromium often use V, B, Mo, forming carbides and carborides .

Copyright © 2022 V.l. Savulyak, V.Y. Shenfeld, O.P. Shylina, A.A. Osadchuk. This is an open access article distributed under the
@m_ Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
£ the original work is properly cited.
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The introduction of boron into the deposited metal helps to change the critical ratios of carbide-forming
elements to carbon, intensifies the release of special carbides [11] and carboborides (Cr, Fe)s(C, B)s and
(Cr, Fe)23(C, B)s ), and also contributes to the grinding of the carbide phase, which significantly increases both
the hardness and wear resistance of the weld metal [12]. Introduction to the alloy of 0.4 ... 0.6 wt. % boron shifts
the eutectic point of alloys to the left, thereby promoting the loss of excess carbides and at the same time to
increase the wear resistance of the weld metal, which works well even in conditions of intense abrasive wear
without shock loads [2]. Other alloying systems use active carbides: tungsten, molybdenum, vanadium,
titanium, niobium, tantalum, zirconium, which form monocarbides in the weld metal, increase its wear
resistance, both at normal and at elevated temperatures. Excess alloying elements that are not involved in the
formation of carbides, such as vanadium, molybdenum are soluble in solid solution, increase its strength at high
temperatures. During heat treatment of welded products, or as a result of the thermal cycle of surfacing, as well
as during their operation, supersaturated solid solutions can emit intermetallic compounds, which further
increase the hardness of the metal [11]. Chromium-based coatings with the addition of vanadium, molybdenum
and boron have shown high wear resistance under abrasive wear. The aim of the work is to create alloying
compositions to counteract abrasive wear without shock loads.

Methods of experiments

On the original samples measuring 60x20x8 mm from steel sheet (steel 45) according to GOST 19903-
2015 was applied prepared alloying composition (pre-mixed) in the form of a suspension in which the role of
liquid dispersion medium was silicate glue (liquid glass according to GOST 13078-81), and the role of the solid
dispersed phase is the powder charge (alloying complexes Fe-Cr-Mo-VC and Fe-Cr-B4C-Mo-C).

In all cases, carbon was added to the composition in the form of graphite powder; alloying elements
(chromium, molybdenum, vanadium) - respectively in the form of ferrochrome powders according to GOST
4757-91, ferromolybdenum according to GOST 4759-91, ferrovanadium according to GOST 27130-94; boron
carbide. The applied suspension is quite viscous, after some time the samples were dried in an oven for 1 h at a
temperature of 3000C. Surfacing of the prepared samples was performed on a surfacing unit UD-209M in carbon
dioxide medium with copper-plated wire Sv-08G2S, 1.2 mm in diameter. Surfacing mode: current - 100 A,
voltage - 25 V, surfacing speed - 5 m / h. Microstructural studies of the surface layers of the obtained samples
were performed using MBS-6 and MIM-8 optical microscopes. Capturing images and converting them into
digital form was carried out using a special eyepiece camera and computer. To perform microstructural studies,
sections were made according to standard methods. Chemical etching of the sample surface was performed with
a 4% solution of HNO3 in alcohol. Microhardness was measured with a microhardness tester PMT-3M.

Characteristics of prototypes

Used alloying compositions of the following composition:

1 - Cr-B4C-Mo-C - 2% chromium, 1% boron carbide, 0.5% molybdenum and 0.4% carbon;

2 - Cr-Mo-V-C - 5% chromium, 1% molybdenum, 1% vanadium, 0.8% carbon;

3 - Cr-Mo-V-C - 10% chromium, 1% molybdenum, 1% vanadium, 0.8% carbon.

Visible defects, micro- and macrocracks are absent for the deposited layers.

From the above data on the chemical composition of the components it is clear that the main alloying
elements are chromium with the addition of vanadium, molybdenum or boron carbide in the presence of carbon.

Results of research and discussion

Figure 1 shows the structure of the base metal of steel 45, which is ferritic-pearlitic.

Fig.1. The structure of the base metal of steel 45 (x150)
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The results of studies of the microstructures of the deposited coating system Fe-Cr-B4C-Mo-C are
shown in Fig.2. In the transition zone (Fig. 2.a) a carbide grid was detected, which stood out along the grain
boundaries. In the deposited layer (Fig. 2.b) this composition was ground grain due to the presence of
carboborides with a limited amount of carbon.

Fig.2. Microstructures of the deposited coating system Fe-Cr-B4C-Mo-C - 2% chromium, 1% boron
carbide, 0.5% molybdenum and 0.4% carbon, thickness up to 0.5 mm (x150)

In fig. 3 shows the results of studies of the microhardness of the sample coated with the composition Fe-
Cr-B4C-Mo-C, which is made on a microhardness tester PMT-3 with a step of 0.125 mm, starting from the
coating surface to the base. The highest hardness is found on the surface of the coating and reaches = 9500 MPa.
Measurement of microhardness with a constant step leads to the fact that the indenter falls on different structural
components. Carbides and carboborides show high hardness, and the matrix shows the hardness of hardened
steel.
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Fig. 3. Microhardness of the sample coated with the composition Fe-Cr-B4C-Mo-C - 2% chromium, 1%
boron carbide, 0.5% molybdenum and 0.4% carbon

Figure 4 shows the microstructures of the transition zone (Figure 4, a) and the deposited coating of the
Fe-Cr-Mo-V-C system (Figure 4, b). In the transition zone there are small inclusions and signs of stratification of
structural components.

Fig.4. Microstructures of the deposited coating system Fe-Cr-Mo-V-C - 5% chromium, 1% molybdenum,
1% vanadium, 0.8% carbon, thickness up to 0.5 mm (x150)
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In the deposited layer, a similar pain is also observed. The hardness of the surface layer (Fig. 5) was
also measured with a hardness tester PMT-3 with a step of 0.125 mm from the surface to the depth of the
coating. The maximum microhardness reaches =~ 14000 MPa, and the microhardness of the matrix, as in the
previous case for the Fe-Cr-B4C-Mo-C system, is ~ 4500 MPa.
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Fig. 5. Microhardness of the sample coated with the composition Fe-Cr-Mo-V-C - 5% chromium, 1%
molybdenum, 1% vanadium, 0.8% carbon

Figure 6 shows the transition zone (Figure 6, a) and the deposited layer (Figure 6.b) of the Fe-Cr-Mo-V-
C composition with high chromium content. In the transition zone, the inclusion of chromium defunted by
various mechanisms is observed. Carbide mesh of the cementite type was formed in the deposited coating along

the boundaries of small grains.

Fig.6. Microstructures of the deposited coating system Fe-Cr-Mo-V-C - 10% chromium, 1% molybdenum,
1% vanadium, 0.8% carbon, thickness up to 0.5 mm (x150)

The microhardness of the surface layer (Fig. 7) was measured by a similar method. The maximum
microhardness reaches =~ 15000 MPa, and the microhardness of the matrix, as in the previous case for the Fe-Cr-

B4C-Mo-C system, is =~ 8000 MPa due to doping.
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Fig. 7. Microhardness of the sample coated with the composition Fe-Cr-Mo-V-C - 10% chromium, 1%
molybdenum, 1% vanadium, 0.8% carbon

The integrated hardness of the deposited layers is shown in Figure 8.
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Fig.8 . Chart of hardness of prototypes

Coatings with hardness were obtained by the number of alloying elements: for the first sample (Cr-B4C-
Mo-C - 2% chromium, 1% boron carbide, 0.5% molybdenum and 0.4% carbon) - the hardness of the deposited
surface was 44 HRC; for the second sample (Cr-Mo-V-C - 5% chromium, 1% molybdenum, 1% vanadium,
0.8% carbon) - 55 HRC; for the third sample (Cr-Mo-VC - 10% chromium, 1% molybdenum, 1% vanadium,
0.8% carbon) the surface hardness of the scale is 60 HRC, which is 5 units of HRC higher than the second
sample due to different contents chromium (with the same content of other elements). Visible defects, micro-
and macrocracks are absent for the deposited layers.

Conclusions

1. High wear resistance in abrasive wear showed chromium-based coatings with the addition of

vanadium, molybdenum and boron.

2. With an increase in the amount of chromium in alloying compositions from 2% to 10%, the hardness
and wear resistance of coatings increases due to the formation of a significant amount of complex alloyed
carbides. The microhardness of the structural components of the deposited coatings correlates with the

percentage of carbide-forming elements.
3. The introduction of boron carbides in the alloying composition promotes the grinding of grains.

References

1. Savulyak, V. I., Osadchuk, A.Yu. Savuliak, V. V. (2008) Contact melting of unalloed steel with
graphite in diffusive unstazinary mode. / Bulletin of the polytechnic institute of Jasi, Rumuniia. — NeLIV

(LVI11). 85-90.



Problems of Tribology 63

2. Popov, S. N. (2001) Optymyzatsyia khymycheskoho sostava naplavlennoho metalla detalei dlia
raboter v uslovyiakh abrazyvnoho yznashyvanyia. Avtomatycheskaia svarka, Ne 4, 33 — 35.

3. Wieczerzak, K. [and etc.] (2016). Formation of eutectic carbides in Fe—Cr—-Mo—-C alloy during
nonequilibrium crystallization. Materials & Design, Ne 94, 61-68.

4. Lin, C. [and etc.] Hardness, toughness and cracking systems of primary (Cr,Fe)23Cs and (Cr,Fe);Cs
carbides in high-carbon Cr-based alloys by indentation. Materials Science and Engineering, Ne 527, 5038-8.

5. Shakh, K. B., Kumar, S., Duvvedy D. K. (2006) Yznosostoikost naplavlennoho metalla systemsr Fe-
Cr-C. Avtomatycheskaia svarka, Ne 11, 27-31.

6. Osypov, M. Yu. (2014). Poysk y yssledovanye yznosostoikykh naplavochnsikh splavov dlia raboter v
uslovyiakh abrazyvnoho yznashyvanyia pry poveishenneikh temperaturakh. Novi materialy i tekhnolohii v
metalurhii ta mashynobuduvanni, Ne 1, 52-57.

7.Kindrachuk M.V., Kutsova V.Z., Kovzel M.A., Hrebeneva A.V., Danylov A.P., Khlevna Yu.L.
(2014) Tribotechnical properties of high chromium alloys are in the cast stay and after heat treatment. Problems
of Tribology, 64(2), 58-638.8.Barker, K. S., Ball, A. (1989) Synergistic abrasive — corrosive wear of chromium
containing stell. Brit. Cor, 24. Ne 3, 222-228.

9. Sokolov Kh. H. (2000) Vlyianye sootnoshenyia khroma, molybdena y uhleroda na strukturu y
svoistva naplavlennoho metalla systemsr Fe-Cr-Mo-C. Svarochnoe proyzvodstvo, Ne 11, 3-5.

10. Vosstanovlenye y poveishenye yznosostoikosty y sroka sluzhber detalei mashyn. Pod red. V. S.
Popova. (2000). Zaporozhe, OAO «Motor Sychy», 394.

11. Gang-chang Ji, Chang- Jiu Li, Yu-Yue Wang, Wen-Ya Li (2006) Microstrctural characterization
and abrasive wear performance of HVOF sprayed Cr3C2- NiCr coating. Surface Coating & Technology (200)
6749-6757.

12. Messaadi, M., Kapsa, F. Wear behavior of high chromium sintered steel under dynamic impact-
sliding: Effect of temperature. Tribology International, Ne 100, 380-387.



64 Problems of Tribology

Capyasik BI, Mlendensn B.H., IMngina O.I1., Ocaguyk A.A. CTpyKTypOYTBOPEHHS HAHECEHHX
a0pa3MBHOCTIMKUX HOKPUTTIB.

B pobGoTi moxaszaHi pe3ynbTaTd JOCHIDKEHHS aOpa3sMBHOCTIHKMX IOKPHUTTIB, OTPUMAaHUX IUIIXOM
HarUlaBjieHHss Ha JeryBajbHi kommosuuii Fe-Cr-Mo-V-C Ta Fe-Cr-B4C-Mo-C. BcranoBneHo, mpo 3i
30UIBIICHASAM KUTBKOCTI XpOMY B JIETYBaJIbHHX KOMITO3WIISAX Bim 2% 10 10%, migBUIIyeThCS TBEpHICTH Ta
3HOCOCTIMKICT ~ TOKPUTTIB 3a paxyHOK YTBOPEHHS 3HAYHOI KIUTBKOCTI CKIIQTHOJETOBAaHUX KapOisiB.
MiKpOTBEpaiCTh CTPYKTYPHHUX CKJIQZOBHX HAIUIABICHUX ITOKPUTTIB KOPENIOE€ 3 BIIICOTKOM KapOiIOTBOPHUX
eneMeHTiB. BHCOKY 3HOCOCTIHKICTh B yMOBaX aOpa3MBHOTO 3HOITYBAHHS MOKA3aJIM IIOKPHUTTS Ha OCHOBI XpOMY 3
JIOJTaBaHHSAM BaHAJiI0, MONIOIEHY Ta Oopy.

Koaro4oBi ci1oBa: enexTpoayroBe HaruIaBJICHHS, JIETyBaJIbHI KOMITO3MIIT, KapOiHi BKIIIOUEHHS, JIETOBaHi
CTPYKTYPH, MIKDOTBEPIICTb.
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Abstract

The efficiency of plastic oil is determined by the duration of its retention on the surface. Evaluation of the
effectiveness of plastic lubricants depends on their mechanical properties. It is proposed to use the dependence of
hardness on time when pressing a spherical indenter as one of the basic characteristics of the mechanical
properties of plastic oils. The method of determining the function of oil hardness is based on the mechanics of
contact interaction of a solid ball and a plane presented in this work, which has the property of creep according
to the flow theory. One of the main methods of testing the deformation properties of plastic lubricants is to
determine the number of penetrations. The number of oil penetrations is determined by the depth of indentation
of the indenter; more informative for such a process is the ultimate pressure (hardness), which actually reflects
the phenomenon of resistance to indenter indentation in the material. For uniform distribution of pressure under a
spherical indenter the technique of construction of function of dynamic hardness of plastic materials is defined
and on the basis of tests results of construction of dynamic hardness are received. Tests on contact creep of
plastic lubricants are carried out, functions of dynamic hardness are received and the analysis of influence of
character of change of dynamic hardness on wear processes in the presence of lubricants is carried out. To
analyze the influence of deformation properties on the tribological properties of lubricants, comparative tests of
the two above-mentioned types of lubricants on a four-ball friction device were performed. It was found that
Litol-24 oil has the best wear resistance. The nonlinear period of running-in for this oil is practically absent that,
obviously, under the given conditions of tests is connected with more stable in time deformation properties.

Keywords: grease, creep, penetration rate, dynamic hardness, test, wear.
Introduction

Plastic lubricants in the range of lubricants are the most common. Greases are thick oily products, which
include: oil, thickener, solid carbon and various additives. A distinctive feature of plastic lubricants is that they
are able, depending on working conditions, to have the properties of both solid and liquid substances. Under the
action of small loads, lubricants behave like a solid body, can be held on vertical and inclined surfaces. The
efficiency of plastic oil is determined by the duration of its retention on the surface. Evaluation of the
effectiveness of plastic lubricants depends on their mechanical properties. Among the characteristics of
mechanical properties, one of the most important is the shear strength of the oil. After the destruction of the
frame, the oil begins to deform and flow like a liquid. Resistance to the flow of grease is characterized by
viscosity. Typically, viscosity is determined at a single fixed strain rate. In the materials science of solids, the
value of hardness is accepted as one of the mechanical characteristics. Hardness is the value of the average
pressure under the indenter, which stabilizes the plastic deformation. In the mechanics of lubricants, the number
of penetrations is analogous to the hardness of the lubricant. The number of penetrations is determined by
pressing the cone into the flat surface of the grease and is measured in tenths of a millimeter for 5 seconds. With
the help of the penetration number it is possible to estimate the effect of oil deformation at different
temperatures. The disadvantage is that the number of penetrations is determined at one time point in the process
that develops over time. At other time points of the penetration process, data on the hardness of lubricants can be
obtained as opposed to those obtained at a holding time of 5 s. Also, the number of penetration of oil is

Copyright © 2022 O. Dykha, A.Staryi, V. Dytyniuk, M. Dykha. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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determined by the depth of indentation of the cone. For metals, hardness is defined as the ultimate pressure,
which actually reflects the phenomenon of resistance to indenter indentation in the material.

Therefore, it is proposed to use the dependence of hardness on time when pressing the spherical indenter
as one of the basic characteristics of the mechanical properties of plastic lubricants.

The method of determining the function of oil hardness is based on the mechanics of contact interaction
of a solid ball and a plane presented in this work, which has the property of creep according to the flow theory.

Literatuter review

The study of the tribological properties of greases in world science is given quite a lot of attention. Based
on modern methods of experimental and theoretical research, new highly effective lubricants are synthesized.
The behavior and properties of lubricants are modeled under various operating conditions, under heavy loads,
high heat, extreme speeds.

In paper [1] three kinds of new conductive lubricating greases were prepared using lithium ionic liquids
as the base oil and the polytetrafluoroethylene as the thickener. The conductivities and contact resistances of the
prepared lubricating greases were investigated using the conductivity meter and the reciprocating ball-on-disk
sliding tester. The results suggest that the prepared lubricating greases have high conductivities and excellent
tribological properties. The high conductivities are attributed to ion diffusion or migration of the lithium ionic
liquids with an external electric field, and the excellent tribological properties depend on the formation of
boundary protective films.

The study [2] investigates grease film evolution with glass disc revolutions in rolling elastohydrodynamic
lubrication (EHL) contacts. The evolution patterns of the grease films were highly related to the speed ranges
and grease structures. The transference of thickener lumps, film thickness decay induced by starvation, and
residual layer were recognized. The formation of an equilibrium film determined by the balance of lubricant loss
and replenishment was analyzed. The primary mechanisms that dominate grease film formation in different
lubricated contacts were clarified.

In [3] the grease film distribution under a pure rolling reciprocating motion is observed on a ball-disk test
rig. It is found that the reciprocating motion reduces the accumulation of the thickener fiber gradually with time.
The maximum film thickness forms around the stroke ends. The life of grease lubrication under a transient
condition is far below that under steady-state conditions. When increasing the maximum entraining speed of the
reciprocating motion to a certain value, during which the thickener fiber is not expected to accumulate under a
steady-state condition.

In paper [4] the technique of relative optical interference intensity and simple numerical calculations were
used to investigate the lubricating behavior of grease lubricant films. Experimental results indicate that at a same
entrainment velocity of the inlet, the central film thickness under deceleration is larger than that under
acceleration. The numerical method can also be used to explain the behavior of the grease lubricating film under
non-steady state conditions.

Thermal-induced changes in the viscous and viscoelastic responses of lubricating greases have been
investigated sn [5]. Small-amplitude oscillatory shear and viscous flow measurements were carried out on a
model conventional lithium lubricating grease. Two different regions, below and above this critical temperature,
in the plateau modulus versus temperature plot have been detected. From this thermal dependence, a much larger
thermal susceptibility of the lubricating grease is apparent. The thermo-mechanical reversibility of this material
has been studied by applying different combined stress—temperature protocols. The experimental results obtained
have been explained on the basis of the thermo-mechanical degradation of the lubricating grease microstructure.

In [6] a methodology for continuous monitoring of grease degradation subjected to mechanical shearing is
proposed. It is hypothesized that the mechanical degradation of grease is akin to the running-in process in a
tribo-pair with both transient and steady-state regimes. From the results, a more effective method using the
entropy generation rate is proposed for continuous monitoring of grease degradation. The proposed method is
extended to estimate the time for a grease subjected to mechanical shearing to degrade to a lower grade. The
efficacy of this method is demonstrated via long duration testing in a custom-built ball-bearing test apparatus.

The tribological properties of a lithium calcium complex grease based on calcium sulfonate complex and
lithium complex greases are investigated in [7]. The tribological properties of the latter greases are compared
using an Optimol SRV reciprocating friction and wear tester. The morphologies of the worn surfaces are traced
by a scanning electron microscope (SEM) and the chemical states of several typical elements on the worn
surfaces are examined by x-ray photoelectron spectroscopy (XPS). The results indicate that the new grease has a
low friction coefficient and good wear-resisting ability.

The dependence of the colloidal stability, effective viscosity, penetration, and yield stress of low-
temperature polymeric greases on the composition and characteristics of the dispersion medium was investigated
in paper [8]. Various types of low-viscosity oil with known fractional and group composition were used as base
oils. The effect of the concentration of the two-component thickener of high- or low-molecular polypropylene
and the proportions of its components on the main physicochemical characteristics of the polymer greases was
determined. The dependence of the structure and properties of the polymer greases on the concentration of
lithium stearate was established.



Problems of Tribology 67

Also, the scientific works of the authors [9-12] are devoted to various aspects of the use of greases in
technical applications. At the same time, the analysis of studies has shown that little attention has been paid to
the study of the deformation properties of greases under various conditions of tribological contact.

Contact mechanics of the process of interaction between the sphere and the viscoplastic lubricant

The direct formulation of the problem of the interaction of a solid ball of radius with a plane in a state of
creep includes three relations (Fig. 1):

a a
r

Fig.1. The scheme of contact of a ball and a viscoplastic plane

1) the model of constant creep of the lubricant material has the form:

c°; (1)

a’(t)-r?
t)=—-"—"—;
U (t)=—>2 0
3) equilibrium condition in contact:
Q=2nj-cs(t,r)rdr, 3)
0

where G(t, r) is the time-dependent contact pressure distribution t;

a(t) is the radius of the circular area of contact;
I is the radial coordinate.

Differentiating condition (2) and equating (1) we have:
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it is obvious that the pressure is evenly distributed over the contact area.
Substituting this expression in condition (3), we obtain:

1
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C

After integration we obtain a differential equation with respect to the function a(t):

(9} c =™ i% (6)
T k.R dt
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Solving this equation, we have:

Nat a(t=0)=0:

1

a(t) = {(ch +2) ch(gjmc trﬂ : )

T

2)at a(t=0)=a,:

1

me 2m,+2
a(t) = (2mc+2)(ch(9j t+a§”’°*2j : ®)

T

With a uniform distribution of contact pressures we have:

o(t)=0o,(t)= . 9
=0 ()= ©
The maximum displacement from creep is obtained at r =0 :
a’(t)
u,(t)= . 10
ol == (10)

Example of calculating the size of the contact area when pressing the spherical indenter depending on (7).

Initial data:

1. Parameters of contact creep: m, =1,82 ; k., = 0,302 MITa™.

2. Spherical indenter radius R = 6,35 mm.

3. Indenter weight Q =1,9N.

Below are the results of the calculation obtained using the program MathCad.

t, min 2 3 7 17 37 67

a(t), mm | 147 [ 158 | 1,83 | 2,14 | 246 | 2,73

Now suppose that the dependence of the radius of the contact a(t) site on time is known from the

experiment. It is necessary, using the solution of the direct problem, to determine the parameters kc, m, of the

model of constant creep.
Consider the case of the initial zero contact site and present the experimental data in the form of a power
approximation function:

a(t) =ct™. (11)

Substituting (11) into (7), we obtain:

amamen am a2
Y
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From the condition that this equation is executable for any values of the argument T follows:

A 13

C ZBC

For the second parameter from (12):

(14)

The obtained results can be used to describe the contact creep of solid balls covered with thin deformed
layers of lubricant, which is promising in creating tribomechanics of thin lubricating layers.

VY BUNaJKy HEHYJIHOBOI MOYATKOBOI IJIOIIAAKNA KOHTAaKTy () HEOOXiTHO BHU3HAYATH MapameTpu MOAei

MIOB3YYOCTI IIPY 3aJaHill eKCIiepUMEHTaNbHIH (QyHKIIT:
In the case of a nonzero initial contact site (8, # 0), it is necessary to determine the parameters of the

creep model K., m, given a experimental function:
a(t)=a,+af(t). (15)

The solution of the problem is performed provided that the values of the two experimental points are
known:

(a, t)i(a t) (16)

ata, <a <a,; 0<t <t,.
The solution of the direct problem (7) for two points is presented in the form:

al2mc+2 _aéchrz — (ch + 2)ch(9J C t1’

T
o (17)
a;™ " —a)™"? =(2m, +2) ch(—j t,.
T
Taking the ratio of equations, we obtain:
2m.+2
o =1t
=—=, (18)
(X;chrz -1 ,
a
where o, = & ;oo = —Z _This nonlinear equation can be solved numerically.

8y

Le HemniHilHE PIBHAHHS MOXHA PO3B A3aTH YNCEIBHUM METOIOM
Method for determination and research of dynamic hardness of plastic materials

The procedure for determining the parameters of the creep function of the oil at zero contact area is as
follows.
The initial parameters of the process of pressing the ball into the surface of the grease are selected:

R is the ball radius; Q is the load to ball.
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The ball is pressed into the surface of the oil with the measurement of the maximum depth of pressing

Using formula (10), determine the radius of the area of contact of the ball with the surface of the oil:

1
a(t)=[ 2Ru, (1) . (19)
The experimental dependence of the radius of the contact site on time is represented as a power function:

a(t)=ct™. (20)
Approximation parameters C., B3, are determined by the method of least squares.

Parameters M, , K. models (1) of oil creep are determined by formulas (13) and (14).

The procedure for determining the parameters of the dynamic hardness of the oil is as follows.

The hardness of the oil H, or the average pressure on the ball on the oil side is determined by the
relationship of type (9):

. Q
H(t)=—r5 Ok (21)

If the value of the radius of the contact site is known from the experiment, the hardness is determined
immediately by formula (21).

If parameters are known for oil m_, K. model of contact creep, the function of dynamic hardness is
determined by substitution (7) in (21) at the initial zero contact area:

H.(t)= < —. (22)

QY ™
Tc|:(2mc+2)ch(ch t}

If it is necessary to compare the hardness of lubricants, functions are built H (t) .

When the non-zero contact area is set by the initial data R, Q and d(. Conduct tests and obtain data
for the function:

a(t)=a,+a (t).

Two points are chosen for the function:

(2, t)i(a t)

and write for them equation (18) in the form:

= Elz , (23)

ne X=2m, +2;

Ez :t1/t2 :
Numerically solve equations (23). The dynamic hardness of the oil is determined from the expression
(22).

Investigation of dynamic hardness of plastic materials and its connection with wear

To implement the method of determining the parameters of contact creep of plastic materials, studies of
bitumen and plasticine were performed by pressing a spherical steel indenter with a diameter of 12.7 mm and a



Problems of Tribology

71

weight of 190 g. The results of research and calculations of the parameters of the contact creep model are given
in table. 4.1 with graphical interpretation in Fig. 2.

Fig. 2. The results of studies on contact creep

Table 1
Test results for contact creep and determination of dynamic hardness of plastic materials

- ) P Parameters g
=| E Depth The size of the arameters models 9w S
E_) — indentation, contact area apprOleathﬂS contact creep é g

@ S Q9
S| E u,, mm a,, mm £3

— B E

C. . c m, k.

1 0,11 1,18 "
L2 0,18 15 i
£l 3 0,23 1,7 g
% 7 0,29 1,9 1,297 0,177 1,82 0,302 0
] 0,36 2,14 W

37 0,47 2,44 T

67 0,55 2,64

1 0,4 2,22 i
S| 2 0,7 2,89 §
g 7 1,15 3,64 2,403 1,803 1,77 8,943 o8
S| 27 17 4,32 "

47 2,02 4,64 L

° = —

4
E 3 I ___a
e * ¢
< 2

1

0

0 20 40 60
t, min
—&—Dplasticine  ==E==Dbitumen

Results of tests of deformation properties of plastic oils by means of a ball with radius R= 15 mm are
given in tab. 4 with graphical interpretation in Fig. 3.

Test results of deformation properties of plastic lubricants

t Ball, d =30 mm, m =150g
J Litol-24 Solidol C
min
a, mm Aa, mm a, mm Aa, mm

0,08 12,75 0 9,86 0
0,6 12,99 0,24 10,09 0,23
2,6 13,15 0,4 10,30 0,44
7,6 13,36 0,61 10,51 0,65
17,6 13,64 0,89 10,71 0,85
47,6 13,89 1,14 10,9 1,04
107,6 14,07 1,32 10,99 1,13
227,6 14,2 1,45 11,09 1,23
407,6 14,44 1,69 11,18 1,32

Table 2
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1,5

Aa, mm

0,5

0 50 100 150 200 250 300 350 400

t, min

et |_itol-24 (a(t=0)=12,75 mm) === Solidol C (a(t=0)=9,86 mm)

Fig. 3. The results of pressing the ball into the oil

The dependence (15) can be used to describe the process of pressing a cone and a ball with a non-zero
initial contact pad.

As a result of processing the experimental data, the dependences for the contact site and the dynamic
hardness when pressing the ball indenter into the surface of the plastic oil were obtained (Table 3).

Table 3
The results of determining the dynamic hardness for lubricants
Type of indentor Solidol C Litol —24
Steel ball, R =15 mm a(t) =9,86+0,334t"%¢ | a(t) =12,75+0,315t"%*
Dynamic hardness, MPA H, (t) =Q/ma?(t) = 0,48/ a(t)

According to the obtained results, graphical dependences of hardness for two types of investigated
plastic lubricants are constructed, shown in fig. 4.

H: <10 Pa

4.0 L

.y
[72]
§ \
"g 3.0
< R
.2
g 25
a1
=
E \\K

2.0 [——t— +

1.5 !

0 40 80 120 160 f, min
Deformation time
*-Litol -24 ® - Solidol-C

Fig. 4. Dynamic hardness of lubricants during deformation

Analysis of the obtained graphs shows that Litol - 24 oil has a lower dynamic hardness, but is
characterized by more stable indicators over time. With a durability of almost 3 hours, the hardness of Solidol -
24 decreased by 40%, while Litol-24 decreased by only 20%, which indicates better stability of the load-bearing
capacity of Litol -24 over time. The obtained dependences for the characteristic of dynamic hardness allow to
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analyze the processes of deformation of lubricating layers of different lubricants under the action of applied
loads.

To analyze the influence of deformation properties on the tribological properties of lubricants,
comparative tests of the two above-mentioned types of lubricants on a four-ball friction device were performed.
(V =0.45 m/s; N = 350 N). As a result, the dependences of wear on the test time are obtained (Fig. 5).

0,3

025
0,2 A
E 015 —

50,1
- 0,05 /'

0

0 20 40 60 80 et Solidol C

t, min =B |_jto| 24

Fig. 5. Results of tribological tests of lubricants

It was found that Litol-24 oil has the best wear resistance. The nonlinear period of running-in for this oil
is practically absent that, obviously, under the given conditions of tests is connected with more stable in time
deformation properties.

Conclusions

1. One of the main methods of testing the deformation properties of plastic lubricants is to determine the
number of penetrations. The essence of this method is to measure the depth of indentation of the conical indenter
in the surface of the lubricant sample. The main disadvantages of this method are the following:

- the number of penetration is determined at one time point of the indenter indentation process, when
measurements at other time points will be obtained data on the deformation of lubricants opposite to those
obtained at a holding time of 5 s;

- the number of penetration of oil is determined by the depth of indentation of the indenter; more
informative for such a process is the ultimate pressure, which actually reflects the phenomenon of resistance to
indenter indentation in the material.

2. A more informative characteristic of the deformation properties of plastic materials is proposed - a
function of dynamic hardness, which shows the dependence of the pressure of resistance to indenter indentation
on the time of deformation.

3. To establish the analytical dependence for dynamic hardness, the mechanics of contact interaction of a
rigid indenter in the form of a ball with plastic lubricant, which has the property of creep, is considered. Solved
direct and inverse problems and recommendations for their use.

4. For uniform distribution of pressure under a spherical indenter the technique of construction of
function of dynamic hardness of plastic materials is defined and on the basis of tests results of construction of
dynamic hardness are received.

5. Tests on contact creep of plastic lubricants are carried out, functions of dynamic hardness are received
and the analysis of influence of character of change of dynamic hardness on wear processes in the presence of
lubricants is carried out.

6. The offered characteristic of dynamic hardness and a method of its definition allows to estimate and
compare deformation and tribological properties of various plastic materials at certification control, operation
and creation of new types of oils..
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Muxa O.B., Crapumii A.Jl., [duruawk B.O., Jnxa M.O. BusHaueHHs JWHAMIYHOI TBEPAOCTI
KOHCHCTCHTHUX MAaCTHII K XapaKTCPUCTUKHU JAeHOpMAIlifHAX BIACTUBOCTEH Y TPHOOKOHTAKTI

EdekTuBHicTS pOOOTH INIACTUYHOIO MAacTHiIa BU3HAYAETHCS TPUBAIICTIO 11 30€pe)KeHHs Ha IOBEPXH.
OuiHIOBaHHS €(pEKTUBHOCTI IIACTUYHUX MACTUJI 3aJIe)KUTh BiJ IXHIX MeXaHIuHUX BiracTuBocTell. [IpononyeThes
SK OIHY 3 0a30BHX XapaKTEPUCTHK MEXaHIYHUX BIACTUBOCTEH IUIACTUYHHMX MACTHJ 3aCTOCOBYBATH 3aJICXKHICTh
TBEPIIOCTI Bi Yacy MpH BTUCHEHHI CQEpUIHOrO iHAEeHTOpa. MeTon BH3HA4YCHHSA (YHKIIi TBEPAOCTI MacThia
IPYHTYETHCS Ha TIPEICTaBIICHIH B Wil poOOTI MeXaHilli KOHTAKTHOI B3a€MOIii TBEPIOi KyJIbKU Ta IDIOMIMHH, IO
Ma€ BIACTHBICTH TOB3YYOCTi 3a Teopiero Tewii. OOHMM 3 OCHOBHHX METOIB BHIIPOOYBaHB IedopMarliifHIx
BJIACTUBOCTEH INIACTHYHMX MACTHIFHHUX MaTepiayiB € BHU3HAUYEHHS dWcia meHerpamii. Yucimo meHerparii
MacTWJIa BH3HAYAETHCS TIMOWHOIO BIABIIOBAHHS IHICHTOpA; OUMBII iHGOPMATHBHUM IS TaKOTO IPOIECY €
TPaHUYHUI THCK (TBEPHICTB), SIKMH peajbHO BiloOpakae SBUINE ONOPY BAABIIOBAHHS IHIEHTOpAa B Marepial.
Jlnst piBHOMIpPHOTO PO3MOJUTY THUCKY i CQEpUYHHUM iHIESHTOPOM BH3HAYEHA METOJUKa MOoOynoBU (yHKIIi
JMHAMIYHOT TBEPJIOCTI IJIACTUYHMX MaTepiajiB 1 Ha OCHOBI BUIPOOYBaHb OTHUMaHI pe3yJbTaTH MOOYAOBH
JuHAMivHOI TBepaocTi. [IpoBeneHi BUNpoOyBaHHS HAa KOHTAKTHY HOB3YYICTh IUIACTUYHHMX MacTHII, OTPHMaHi
¢yHKIIT AMHAMIYHOI TBEPIOCTI 1 NMpOBENEHHWH aHaji3 BIUIMBY XapakTepy 3MiHM AWHAMIYHOI TBEPJAOCTI Ha
NpOLIECH 3HOIIYBAaHHS B IPUCYTHOCTI MACTHIBHUX MatepiaiiB. [lns aHamizy BmmMBY aedopManiiHUX
BJIACTUBOCTEH Ha TPHOOJOTiYHI BIACTHBOCTI MACTHJI OYyJHM TPOBEINCHI MOPIBHAIbHI BUMPOOYBAaHHS IBOX
BKa3aHUX BHILE THITIB MaCTHJI Ha YOTHPHKYJIBKOBOMY NpHiai TepTs. BeranosieHo, mo Mactuiio Jluton-24 mae
KpaIlli 3HOCOCTIHKI TOKa3HUKA. HenmiHiitHuI nepiol MPHUIPaIFOBaHHS U OTO MACTHIIA IPaKTUYHO BiJCYTHIH,
10, OYEBHIHO, 32 JAHWX YMOB BHIPOOYBaHb IIOB SA3aHO 3 OiMBII CTAOUIBHHMH B daci JedopMariiHuMH
BJIACTHBOCTSIMHU.

KirouboBi cJIoBa: KOHCHCTCHTHE MAaCTHIIO, MOB3YYiCTh, YHCIIO ICHETpAIlii, MWHAMIYHA TBEPIICTh,
BUIIPOOYBaHHS, 3HOIIYBaHHA
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Abstract

The article is devoted to the study of wear resistance of the surface layer of steels 40X and 11IX15, when
rubbed in oil 1-20. A comparison of the surface layer of samples of raw and nitrided steels, before and after the
tests. The study of the fine microstructure of the samples with the help of the LDFP microscope, allowed us to
conclude that the samples that were subjected to ionic nitriding, improved roughness. In turn, increased the area
of linear contact, reduced contact load. The graphic dependence of roughness indicators is constructed. After
testing, we can conclude that nitrided steel has a long service life, namely high hardness, resistance to abrasion,
durability and corrosion resistance. The mechanism for obtaining increased resources needs further study.

Key words: test, operation, friction, 40X, I1IX15, ionic nitriding, sample, roughness, 1-20
Purpose

Study of the kinetics of wear of steels from the point of view of the provisions of the adhesive-
hydrodynamic theory of wear

Introduction

Quantitative comparison of performance characteristics of raw and nitrided steels. The studies were
carried out with samples of 40X and IIT1X15 steels. Rolling friction tests in 1-20 oil were carried out for steels
without and after heat treatment. The data are presented in tables.

Table 1

The nature of wear and durability of samples of steel 40X without heat treatment and nitrided,
when tested for rolling friction in oil | - 20.

_ The number of Load per ball 150 H
Test time, cycles Raw steel Nitrided steel
hour N-10° Wear U, pm Hardness Wear U, pm Hardness
H100, ym H100, ym
0 0 0 5480 0 7460
10 54 5-6 5720 4-5 7500
25 135 - - — -
50 27 10-12 - 9-12 7460
75 40.5 15-20 5550 14 -19 -
100 54 26 —30 5520 22-25 7280
150 81 - - — -
200 108 40 — 45 5430 30-32 7100

Copyright © 2022 M.M. Poberezhnyi, P.V. Kaplun, S.0. Kolenov. This is an open access article distributed under the Creative
@m_ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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Continuation of Table 1

250 135 - - - —
300 162 55-60 5420 58 — 65 6840
350 189 370 hours -
400 216 U =58-62 pum, 65 —70 6550
450 243 N-106 = 199.8, H100= 5520 — —
500 270 70 — 75 5850
550 297 - -
600 324 75— 80 5400
650 351 - -
700 378 80—85 4850
The rest

Table 2
Physical, mechanical and tribological characteristics of samples with different coatings and their
durability during rolling friction tests in oil 1-20.

Sample Steel Surface Load per ball 30 H
number | grade Type of heat treatment hardness Testtime, | Wear | The number of
min U,um | cycles, N-108
mx 15 Without heat treatment Hioo 3340 80 46 0.7
X 15 Tempered HRC 60-61 - - -
X 15 Tempered + nitrided Hioo= 5880 60 18 0.54
Load per ball 300 H
X 15 Without heat treatment Haoo 3340 - - -
mx 15 Tempered HRC 60-61 46 14 25.1
X 15 Tempered + nitrided Higo= 5880 34 38 18.4

Friction track of a sample made of 40X steel, tempered and nitrided
183 hours of work
Fig. 1. Comparison of the friction paths of 40X steel samples without heat treatment and after nitriding,
during friction in 1-20 oil.
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The studies of rolling friction in oil 1-20 made it possible to determine the characteristics of strength,
ductility and wear resistance of samples of steels 40X and IIIX15. The studies were carried out on samples
without heat treatment, tempered and subjected to ion nitriding. The studies were carried out using a setup for
testing contact endurance and wear resistance at linear contact. After the tests, it can be concluded that nitrided
steel has a longer service life, namely, high hardness, resistance to seizure, endurance and corrosion resistance.

Study of the fine microstructure of samples using a LDFP microscope

Most carbon non-polar materials, when wetting the surfaces of machine parts, form epitropic liquid
crystal structures on them in the nano- and micrometer range. Since their structure and properties are largely
determined by the roughness of the working surface, it is necessary to have the most complete information about
the three-dimensional state of the original surface. The nano-geometric surface of the samples needs appropriate
control, which must be carried out by a non-contact method with high profile sensitivity and a sufficiently large
field of view. Contact profilographs-profilometers of the Caliber M201 or M-283 type do not meet these
requirements due to surface damage and low information content. Therefore, a laser scanning non-contact
differential-phase microscope-profilograph-profilometer (LSDPMP) was used for the study. It was
experimentally established that it is the 3D state of the working surfaces that characterizes their tribological
properties, and not the roughness parameters (Ra, Rz, Rmax, Sm, tp, etc. ), calculated only from the profilogram.

It has been experimentally established that for the same roughness parameter, in particular Ra, created
by different technological methods, the surfaces have fundamentally different tribological properties depending
on their 3D state.

In addition to roughness, the microscope allows you to determine the volume of worn material in cubic
nanometers, which significantly increases the accuracy of determining the amount of wear.

a0 Direction: 0
405 75

Roughness parameters:

& Ra= 01260027 p (21.20%)
(" Rz= 045300390 (21.91%)
" Rmax = D646 +0110p [16.959%)]

90 Direction: 0
405 75
Roughness parameters:
429 6
" Ra= 012640027 p [21.20%)
" Rz= 04530099 [21.91%)]

(¢ Rmax= 0646+ 0110w [16.93%)

Fig. 2. Graph of displaying the dependence of the values of the roughness parameters on the azimuth angle in
the XY plane
On the graph, the red line shows the angular dependence of the average value of the selected roughness
parameter, and the blue lines show the boundaries of the deviation of this parameter from its average value
within the studied area of the surface.

Results

After testing the wear resistance during rolling friction in 1-20 oil, the surface of the samples was
examined using an LDFP microscope, the results are presented in tables 3, 4.
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Table 3
Parameters of the investigated roughness along the raceway.
No Steel Type of heat Roughness parameters, microns
grade treatment Ra Rz Rmax Rv Rp Rpk Sm
1| a0x Withoutheat =\ g 155 | 0525 | 0.694 | 0346 | 0348 | 0.137 | 48.255
treatment, raw
40X Temper + nitrided 0.096 0.472 0.585 0.299 0.286 0.110 | 25.392
Ix1s Temper + nitrided 0.074 0.356 0.443 0.214 0.229 0.087 27.188
0,800 60,0 -
0,700
A 50,0
0,600 \
0,500 !///\\; 40,0
0,400 ///, \\\\ -1 30,0 "
0,300 ‘,/ \\. N =2 oo e
0,200 // / \.—--\ N, -3 ’ m3
’ R 10,0
0,100
0,000 0,0
Ra Rz Rmax Rv Rp Rpk
Table 4
Parameters of the investigated roughness along the lateral surface
No Steel Type of heat Roughness parameters, microns
grade treatment Ra Rz Rmax Rv Rp Rpk Sm
1| 40X Without heat 0161 | 0652 | 0855 | 0410 | 0445 | 0187 | 48.078
treatment, raw
40X Temper + nitrided 0.036 0.177 0.217 0.113 0.103 0.038 27.596
IX1s Temper + nitrided 0.079 0.360 0.426 0.213 0.213 0.088 33.931
0,800 60,0 -
0,700
A 50,0
0,600 \
0,500 ﬁ///\\ 40,0 -
ml
0,400 ////, \\\\\ —1 30,0 -
0,300 /i N N 2 i "2
/4 NI\ § 00 °F
0,200 Ny ——3
Y4 N
0,100
0,000 0,0 -
Ra Rz Rmax Rv Rp Rpk Sm
Conclusion

Samples of steel 40X and HIX-15 were used for the experiment. The experiments carried out confirmed
that the surface roughness of the boundary layer after ion nitriding improved, namely, the step of irregularities,
the difference between tops and troughs of the relief decreases, the area of irregularities decreases, which in turn
leads to an increase in the surface contact area, a decrease in the contact load.
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Hobepexnunit M.M. Kanayn I1.B. Kanenos C.O. JlocnimkeHHsS KIHETUKU 3HOINYBAHHS CTaleH 3
TOYKH 30pYy TOJIOKEHb aJIre31HHO-T1IpOANHAMIYHOT TeOpil 3HOIYBaHHS

CrarTs TpHCBAYCHA TOCTIKEHHIO 3HOCOCTIHKOCTI moBepxHeBoro mapy craieir 40X i HIX15, mpu
TepTi KoueHHs B Mactumi [-20. IIpoBeneHo MOpPiBHAHHS NMOBEPXHEBOTO IIAPY 3pa3KiB CHPHX Ta a30TOBAHMX
cTaneif, 1o Ta micims BumpoOyBaHb. [IpoBemeHe AOCHIIKEHHS TOHKOI MIKpOCTPYKTYPH 3pa3KiB 3a IJOMOMOTO
Mmikpockomy JIA®II, mo3Bommio 3poOHTH BHCHOBOK, IO y 3pa3kax sAKi OynH MmigiaHi iOHHOMY a30TyBaHHIO,
MOKPALIMINCH TOKa3HUKH LIOPCTKOCTI, 10 B CBOIO Yepry 30UIBIIMIIO TUIONLY JIIHIHHOTO KOHTaKTy, 3MEHIINIOCH
KOHTaKTHE HaBaHTakeHHs. [loOymoBaHa rpadiuHa 3aeXHICTh TMOKa3HHWKIB IopcTkocti. [licnms mpoBeneHnx
BUNPOOYBaHb MOKHAa 3pOOMTH BHCHOBOK IO a30TOBAaHa CTajb Ma€ BEJUKHH pecypc poOOTH, a caMe BEJIUKY
TBEPAICTh, CTIHKICTh MPOTH CIPALIOBaHHS, Kpalla BUTPHBAJICTh Ta KOPO3OCTIHKICTh. BusABIEHO NOIITBHICTH
MPOBEIECHHS MOAAIBLIMX JOCIIUKEHb 3 BH3HaueHHs BIUIMBY XTO Ha MexaHI3MH 3HOLIYBaHHS MOBEPXOHb Ta
LUIAXIB MiABUILEHHS X 3HOCOCTIMKOCTI.

KurouoBi cinoBa: BumpoOyBaHH:, crpamtoBanHs, TepTs, 40X, LIXI15, ioHHe a3oTyBaHHS, 3pa3oK,
mIopcTKicTs, 1-20.
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Abstract

This work is devoted to the study of the conditions of effective performance of triad couplings of parts
made of polymeric composite materials. The stress state of the material is associated with the characteristics of
the accumulation of dislocations, the energy of activation of their movement. The average stress, friction stress is
determined. Based on this, expressions for estimating critical stresses and loads on tribocouple parts are
obtained. The distribution of the force on the tribocoupling of parts is determined taking into account the quality
characteristics of the friction surfaces, modulus of elasticity and Poisson's constant of the components of the
polymer composite material. This problem is considered for tribocouples of parts of various kinds.

Expressions for calculation of nominal pressures at different types of contact of material of details of
tribocoupling are received, and also the equations on which it is possible to estimate in them values of nominal
critical pressure are resulted.

The conditions for efficient operation of tribocoupling of parts made of polymer composite materials are
clarified. It is determined that a significant increase in the nominal critical pressure on the tribocoupling is
possible with the use of high-modulus fillers, the modulus of elasticity of which is greater than the modulus of
elasticity of the polymer matrix.

Key words: polymer composite material, macroheterophase material, high modulus filler, tribocoupling
of parts, matrix, filler, stress field, elastic contact, critical pressure, nominal pressure

Introduction

The efficiency of using tribocouples of parts made of macroheterophase polymer composite materials
depends on the content of the filler, its size, shape, nature and tribological properties of the structural
components of the composite material and the strength of the bond between them.

Today there is no single theory of reliability and efficiency of tribotechnical polymer composites and
methods of substantiation of their optimal composition and structure. Existing methods for predicting the
composition and structure of composites cover some cases due to practical application, but they do not take into
account different types of contacts, the presence of an elastic component, which is achieved during the correct
running of parts and critical pressure on the triad. There is also no criterion by which it is possible to assess a
degree of efficiency of the triad couplings of systems and units of machines, parts of which are made of
polymeric composite materials with high-modulus fillers.

Literature review

The use of tribocoupling of parts made of polymeric composite materials (PCM) has shown their
effectiveness in increasing the durability of systems and units of machines [1-3]. However, there is a problem of
optimizing the composition of polymer composites from the content of fillers, the distribution of stress fields in
the polymer matrix, the geometric shape and concentration of the filler and the development of methods for

Copyright © 2022 V.V. Aulin, A.V. Hrynkiv, S.V. Lysenko, O.M. Livitskyi This is an open access article distributed under the
@m_ Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
£ the original work is properly cited.
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evaluating the efficiency and reliability of such tribocouples [4,5].

Specific features of the work of PCM with a macroheterogeneous structure necessitate the analysis of the
stress-strain state (SSS), which occurs under load conditions during operation [6-8] by friction forces. There is a
need to take into account different types of triangular parts and different types of contacts of their work surfaces.
The same amount of deformation of the components of PCM can lead to brittle destruction of one component, to
viscous — the second component and tired — the third component [7]. The strength characteristics of each of the
components of the PCM are decisive. Research on SSS of surface layers reinforced with PCM [8] revealed the
need to take into account the interaction of neighboring contour and actual contacts in the process of sliding
friction. In the scientific literature, this issue is insufficiently studied and not all types of wear in the conjugation
of machine parts are considered [9,10]. PCM chipping and exfoliation processes should also be considered. Note
that in the implementation of such performance properties of materials as their wear resistance, the task is
complicated by the significant dependence of stresses on the volume ratio of components, their size, shape, as
well as design features of conjugate parts and properties of working (technological) environment.

The authors of [11-14] the main cause of destructive processes in the surface layers of PCM is SSS,
which occurs as a result of contact stresses and deformations under the influence of loads on the tribocoupling of
parts. This leads to a detailed study of the features in the surface layers of the materials of the tribocouples of
parts. The study of the peculiarities of PCM in the process of functioning of three-part couplings allows to
approach unsolved problems from a single position. The use of physical and mathematical models [7,8] is
appropriate, and VAT estimates are carried out by load distribution in different types of contact by polarization-
optical and other methods [9]. Attempts to compare the wear resistance and SSS of the surface layers of PCM
made in [11]. According to research conducted in [15], there is a need for relaxation of local maximum stresses
in the surface layers of tribocouple parts. It was found that with increasing volumetric content and filler size, the
intensity of wear of parts decreases. However, the influence of these factors on the value of the maximum
tangential stresses in the PCM is not sufficiently clarified [4,16].

The connection between the wear process of PCM and their mechanical properties is given in [6, 17]. The
results of wear resistance studies of PCM with homogeneous and heterogeneous structure show that in the first
case it is lower than in the second due to faster equalization of contact pressure. The phenomenon of spontaneous
installation and maintenance of the stationary mode of wear of PCM is also revealed. This is due to the existence
of feedback. Based on the ideal conditions of sliding contact, in [5] with the help of friction surface models,
tribotechnical characteristics of PCM with different structure and different composition were calculated.

The current results of research [4-6] do not allow to fully assess the effectiveness of the triad coupling of
parts and the nature and amount of wear. There is a need to connect them with the types of contacts and the
conditions of contact.

It was found that in the operation of tribocouples of parts, elastic and plastic deformation of their
materials are the main processes that initiate the emergence and development of physical, chemical and
mechanical processes in the surface layers of PCM [17]. It is shown that in the PCM the main part of the load is
received by the filler. Reinforcing fillers prevent the movement of dislocations in the matrix, which is subject to
plastic deformation, limiting it [3]. Strengthening of PCM is carried out by increasing the content of the filler
and reducing the distance between its particles. In [9] it was found that depending on the structural state of the
PCM, the magnitude of the accumulated plastic deformation is not the same, which causes a different course of
relaxation processes. The type and dispersion of filler particles (carbides, borides, oxides, intermetallics) in the
polymer matrix, which are barriers to plastic deformation, significantly affect the inhibition of the relaxation
process, but it is not known how the degree of dispersion of the filler affects the properties of PCM, filler — for
stress relaxation, wear process and efficiency of triboconjugation of parts in general.

Purpose

The aim of this work is to identify the conditions for the effective operation of various truboconjugations
of parts made of macroheterophase polymer composite materials with high modulus filler, taking into account
different types of contact.

Results

Using different combinations of PCM, regarding the variation of high-modulus fillers in the polymer
matrix, it is possible from a macroscopic point of view to ensure the predominant presence on the friction
surfaces of parts of one or another type of contacts. Analytical methods for estimating the optimal structure of
such PCM have not yet been developed. To determine the allowable force in heavy-duty tribocouples of parts
made of macroheterophase PCM, one of the efficiency indicators can be the critical pressure, the value of which
is estimated at the beginning of plastic deformation, brittle fracture or setting of friction surfaces. This uses the
fact that in macroheterophase PCM the nature of deformation and fracture is similar to the nature of deformation
and fracture of single-phase materials.

It is quite clear. that in tribocouples of parts made of materials of macroheterophase structure, the contacts
of the two surfaces of polymeric materials are the least effective. These materials should be used in reinforced
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form and provide such structures and composition that the share of space occupied by the contacts of two plastic
materials was minimal, and with high-modulus fillers — maximum.

The quantitative efficiency of different types of contacts can be assessed by assuming that the main
mechanism of setting of PCM materials is the formation of a common degree on the surface of physical contact.
In this case, the stress created by the accumulation of dislocations in the area of the sources of dislocations,
which is located beyond the contact boundary at a distance |, is:

1
a,:af+5(a—af)(|s/|d), @)
where o; —friction stress; |, — length of the sliding strip; 1; — distance to the cluster of dislocations.

If with increasing current voltage the value o reaches the value o, at which the source of dislocations
begins to work, we can assume that o, =¢, o =0, Where & is the average voltage; o, — critical value of
voltage. In this case, the value of the critical voltage is equal to:

| 1/2 | 1/2
o—crzzo——[li] +Gf{1_2(lljJ : @

The value of the average voltage can be determined from the equation:

. 1/2
= [?’bdvﬂj exp(Uq/3k,T), (3)

where o; <o ; Iy <<l;.

where by — constant, characterizing the degree of deformation, 0.2%, of this material; & — the rate of
relative deformation of the material; V — activation volume; k, — became Boltzmann; T — absolute temperature;
U, — dislocation motion activation energy.

Similar to equation (3), the amount of friction stress is determined:

1/2
3by &k, T
o :(‘i/—be explU¢ 13k,7). @)
Given expressions (3) and (4) in equation (2), we obtain:
1, )2 ( 3y ek, 7 V2 ANE YA
Oy = 2{%] (%} exp(U0/3ka)+[1—2(liD (i/—fb] exp(uof /3ka), (5)
S S

Taking the critical load P, proportional o, , we have:

1y V[ 30g ek, TV ) (3 )
P, =Cyo, =C, 2(1J [%j exp(U0/3ka)+[1—2[llD {i/—fbj explUd /3k,T)L,  (6)
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where C, — is the coefficient that takes into account the shape and size of the contact irregularities of the
working surfaces of the parts.

The lack of data on the values of C,, Iy, by, bdf » Ug, Uof does not allow to determine the specific
value of the critical load P, for a given triad of parts. From equation (16) it follows that the value P, of is

greater the greater the energy of mation of dislocations U, and UOf .

Analysis of the influence of the structure and phase composition of PCM on the quality parameters of
friction surfaces showed that when contacting tribocouples of parts made of macroheterophase composites, it is
possible to provide the required share of friction surface area. In this case, you should use the laws of contact
established for tribocoupling of the first kind, when single-phase material is in contact with single-phase. At the
same time, the presence on the friction surface of areas with different composition of contact materials leads to a
redistribution of contact pressures between contacts of different types. This causes a change in the critical load
on the triad coupling of parts, and hence the coefficient of friction and wear resistance.

It is found that while ensuring the process of minimal wear and stabilization of the friction force, it is
necessary to create such conditions when in the process of operation of tribocouples of parts on their friction
surfaces an elastic contact is realized. Note that in the simplified calculation of the triad of parts with PCM in the
first approximation, the following is taken into account:

— materials of tribocouples of the corresponding details consist of matrices Mz and M and fillers H;; and
Hyj;

— the number of fillers in the material of the first part is i, and in the second — j;
—all parts of the total friction surface are real in triad conjugation;
— the structure of the PKM and the mutual orientation of the details of the triad coupling ensure the
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independence of the fraction of the area occupied by one type of contact from their displacement along the
direction of friction;

— the relative volume content of the filler in the surface layer of the parts is constant, the effect of their
self-lubrication is absent, and secondary structures are not formed.

In the case of flat surfaces, with a nominal contour area of contact, the proportion of the area occupied by
a particular type of contact is found by the expressions:

n m
aMl_Mz =[1—2a1i](1—2a2j}
i-L -1
n
Ay -My; = 1—2% Az i
i=1
m
Any-my = 1—20!21- %2js
-1

aHli_sz =0(1i0.’2j; i=l,n; j=1,m.

U]

We assume that the nominal area of the entire friction surface is equal to A,. The area occupied by
contacts of the corresponding type (their nominal area) can be determined by multiplying the components of the
system of equations (7) by A, .

Since the friction surfaces of the parts conjugations are pressed by the force N, the different types of
contacts account for the forces: Ny _y, . NMerj v Nm,—h,j NHH—sz . The equilibrium condition of the

friction surfaces in the General case has the form:
m n m n
NMI_MZ +ZNM2*H21 +ZMM2*H1i +ZZNHli*H2j =N. (®)
j=1 i=1 j=1 i=1
Equation (8) makes it possible to obtain the equilibrium condition for any particular case of tribocontact

with PCM material. For example, if both triad coupling parts are made of matrix single-phase materials M1 and
M, respectively, then Ny,-m, = N.In the case of contact of single-phase material M; with multiphase M, +

H,; , the equilibrium condition will look like:

m
NMer +Z NM1‘H2j =N. ©)
=l

When estimating the forces Ny _y, ., NMerj: Ny, -n,, and NHer-’ assume that the micro-
] 1 J

irregularities on the friction surfaces are deformed elastically and are located on a rigid base. There is no mutual
influence of conjugate surfaces of parts, as the contact of nominally flat surfaces is considered. Convergence of
friction surfaces under the action of force N in this case can be determined from the equation:

a= 3Nk (Rme1X1C + R, Tc—n [(Elc(l_/”ZZc ))+ Eac (1—;1120) Prc T pZC) 7 ’ (10)
4qcp1cp2c Elc EZCaCbC (Vc ~7ec )ﬂ(g Ve~ 7cha

where N, — the force acting on the contacts; Rmaxl , R — the maximum height of the irregularities

max.,

in the contact areas of the surfaces of the first and second parts of the tribocoupling; b., v, — parameters of the

reference curve of the equivalent surface; pi., Py, Ecr Epcr fhe, #p, — respectively, the radii of curvature of
the vertices of micro-inequalities, the modulus of elasticity of Jung and the Poisson's ratios of the materials of
the first and second parts of the tribocouple; y, kg, — coefficients that depend on the shape of the protrusions;

5 . . . .
ﬂ(? Ve _7°j — beta function; g, — the number of protrusions per unit area of the equivalent surface; ¢, — the

proportion of the friction surface area in the corresponding types of contacts of expression (7) ¢; A, — nominal

area of friction. Note that the number of equations of the form (10) is equal to the number of types of contacts in
this triad of parts.

Using the equilibrium condition (8) and expression (10), we can trace the influence of the phase
composition of the PCM on the amount of pressure that develops in the contacts of each type under the total
force N. For clarity, it is convenient
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— single-phase material A is in contact with the second, (or the same M) single-phase Mo;
— single-phase material M is in contact with multiphase M + H,; ;

— multiphase material A1 + Hy; is in contact with multiphase M2 + H;.

During the operation of tribocouples of parts of the first kind, the external force N is balanced by the
forces on the contacts M; - My, ie Nm,-m, =N Dividing this equality by the nominal area of friction A, we

obtain that in this case the pressure Pu,-Mm, is equal to the nominal pressure P,. To eliminate the adhesion of

materials in the tribocouple of this kind, it is necessary to reduce the force N until P is below the critical
pressure Pch y determined for the contact of the matrix M; with the matrix M, or experimentally by equation
1-M2

Py =Cyog

During the operation of the tribocoupling of the second kind, the pressure in the contacts of different
types in the general case should be different. To estimate it, it is necessary to use the equilibrium condition (9)
and the equation of the form (10).

Solving the system of equations of the form (10), giving values N through Ny, _y, and

M;—H,;
substituting them in equation (9), we can calculate the forces at the contacts of types M; - Mz and My - H,; .

Analytically, a system consisting of expressions (9) and (j + 1) expressions of type (10) cannot be solved.
However, using the appropriate experimental data, it is easy to do with application packages on a PC.

If the tribocoupling of parts of the second kind and the composite consists of a matrix of M and j fillers,
then solving the system of equations (9) and (j + 1) equations of type (4), find the forces at the contacts M - M,
and M1 - H,; by the formulas:

Ny,-m, = : (11)

N _ Naz, @+ x)zj | 12)

M1—Hy; m g, 7
1—220:2j x(1+ zj)+(1+ x)(1+ zj)zllﬁ)

E Ey .
where x= M2 7 = _a (13)

i
M, Ewm,

IfPCM M, +H,; consists of two phases, j = 1; a,; = ¢; , the equation of the form (10) has the form:
2

3+2(v-y)
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2
) ) 3+2(v-y)
-y
. SNMande(ZRmax) |:EH21(1_#M1)+ EMz(l_'uH21 )] (15)
5
2quM1EHMa21b(v—7)ﬂ(2; v—yjAa
For two-phase PCM, based on formulas (12) and (13), we have:
2 2
N, w1, [Em, 1= 2, J+ B, 1;%‘M2)]EH210‘21 16)

MyHy Eyy - saln, ¢ B, =i, JEn, -ct21)
Solving equations (16) and (9), we find:
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N, = NetyiEy, [Ew, (-, )+EM(1 i, )|

f . 18
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. . . N
To calculate the nominal pressures in the considered types of contact, we accept: E =P,; En, =XEp,;

En,, =ZEw, 4y, = #w, = Hm, - Taking into account equation (7), we have the following formulas:

x(1+2,) _
Pu._w, =P =Py 19
Mi~M, ™ T2 x(1+ Zl)(l—a21)+(1+ X)Z,011 “Fa (19)

Z,(1+x)

P =P 1 =P, . 20
MiHa % (14 2, Y- g J+ (14 X230 o2 o
Analysis of expressions (19) and (20) shows that the triad coupling of parts with PCM will work

effectively under the condition: Ry _y, <R, vy and B, . <P, , for the matrix My and filler H,, .
17 M1-H,,

Given the conditions for the existence of contacts of type M1 - M> and M1 - H,,, equation (19) should be

used at 0 < a,; <1, and equation (20) —at0 < a,; <1.

The use of PCM in the details of tribocouples of the second kind is appropriate in the following cases: x =
Z1; Z1 > x. In the first case, the nominal pressures in the contacts of different types do not depend on the content

of the filler and are equal to the nominal pressure P,, the limit value of which should be below PCrw , and
M1=M2

P, . For this filler, the force N on the tribocouple cannot be increased, because the pressure P, _,,, will

My-Hy
exceed the allowable pressure. It is determined that the use of high-modulus filler is appropriate if you can
change the coefficient of friction in the contact of the filler from one of the matrices, which will be lower than
the coefficient of friction in the contact M; - Mo.

In the second case, when Z; > x, the filler can be introduced only in the matrix that has in contact with the
filler less critical pressure Per. If such a matrix is M2. Then, when introducing a filler with Z; > x into this matrix,
the value & <1 and the voltage at the most dangerous contacts M - M> can be reduced several times, which will

increase the nominal force N acting on the tribocouples of parts.
If in one of the details of the tribocoupling of the second kind to enter j — fillers, the feasibility of this
procedure is determined by the same conditions as when introducing one filler (x = Z; i Z; > x). However, so that
the pressure on them does not exceed the critical value when increasing N, you need to control a larger number
of types of contacts.
In order to simplify the previous expressions, we accept: E, =xEy ; E

Hy; = ZiEMl ; EH1i = yiEMl;

g =M, =Hy = Hy and solving together equations (8) and (10), we express the forces on the contacts of
j 1

different types through a set of data: N; x; Zj; Yj; a4 ; ;. Then we have:

n m
X[l—Zallj[l—Zasz
NMl—MZ =N = p = ;
1+x y,al,{ ZaZJ}
N =N
M, —Hy; (]_+ yl)gg ' (21)
(L+x)z [ Z%Jazj
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Dividing equation (19) by the area of the surface occupied by contacts of different types, and accepting

N . . . .
E =P, , we obtain expressions for calculating the pressure at the corresponding contacts:

b _p X p _P(1+x)zj_
R T TN ) 23)
=P, (L+x)y; . P P (L+ X)yizj

M,—Hy;

(1+Yi)Q' Hui—Ho; e (yi"‘zjﬁ.

Experimental studies have shown that the tribocoupling of parts will be able to work if the pressure on the
contacts of different types of this type does not exceed the critical value for its constituent materials
tribocoupling of parts.

Using equations (19), (20) and (23), we can quantify the dependence of the critical load on the
tribocoupling of parts on the composition and tribological properties of structural components. As a criterion for
the effectiveness of the filler in PCM, we take the ratio of the nominal critical pressure P ¢ in the triad of parts

made of PCM to the nominal critical pressure P~ of the triad of parts made of the same matrix material.

Assuming that in equations (19) and (20) Py _m, :éPch_M , a PchliH2 =Py, the value of the
! 1
nominal critical pressure for tribocoupling of parts of the second kind can be found by equations:
P Yo, p o Mo (24)

acr acr
& S
The calculation of P, ¢ tribocouples of parts must be performed on both equations. The smaller of the
two obtained values of P, ¢ and will represent the limit value of P4 ¢ on the triad, one of the parts of which is
made of PCM.
We present equation (24) in the form:

P

acr_ _ é : (25)
Cry—m 1
P

acr  _ X . (26)
Chyronr 2

A smaller value i of the ratio can be taken as the value of the criterion of the effectiveness of the
Cly_m
filler for a given critical load.
It was found that the introduction of a high-modulus filler in a polymer matrix with a smaller modulus of

elasticity P, =5P, can significantly increase the value of Pa ¢ tribocoupling of parts, but not higher
173 My-M>p

P, . In tribocouples of parts of the third kind, when two PCM are in contact with the macroheterophase

Ml—H21

acr acr

structure, the criterion of filler efficiency is selected by the minimum value of the ratio

Cry—m Clys—um
calculated for the contacts M-M, M-H and H-H. If a matrix and a filler with different modulus of elasticity are
used in triad couplings of parts with such a combination of contact types, the contacts made of materials with a

acr

will be lower. When E,, = 10E,,

smaller modulus of elasticity will be underloaded and the criterion value

Crym

acr acr

, with the same

~ 4. This value, although lower

and P, ) =5P,, ,, » the criterion

Cry_u ;=08 Crys_y
modulus of elasticity of the matrix and filler, but higher than in layered PCM with other combinations of contact
types.

Conclusions

1. The field of stresses in tribocouples of parts made of polymer-composite materials is considered, taking
into account the properties of friction surfaces. It is revealed that the critical pressure in the tribocouples of parts
is determined primarily by the energy of motion of dislocations in the surface layers of their materials.

2. It was found that to ensure the process of minimal wear in the triad of parts of polymer-composite
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materials should create conditions when in the process of their operation are realized elastic contacts. For the
case of flat conjugate surfaces of details the basic requirements are formulated, expressions for a share of the
areas occupied by this or that contact of the details made of polymeric composite materials are received.

3. Efforts on different types of contacts of tribocouples of details taking into account the modulus of
elasticity and Poisson's constant of matrix materials and fillers, share of the areas occupied by this or that type of
contact are considered, and also nominal pressures in them are defined.

4. It is shown that the efficiency of tribocouples made of polymer-composite materials should be
evaluated by the critical pressures at the contact surfaces of parts.

5. It is determined that for the manufacture of both antifriction and friction polymer composite materials it
is more effective to use fillers whose modulus of elasticity is greater than the matrix. In order to increase the
strength of the parts, it is advisable to use tribocoupling of parts of the third kind, and in terms of saving filler —
the second kind.
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Ayain B.B., I'punbkiB A.B., Jlucenko C.B., JliBinpkuii O.M. OOrpyHTyBaHHS yMOB €(EeKTHBHOI
Npane3 aTHOCTI TPUOOCHPSIKEHb JETalielf, BHUIOTOBJIEHMX 3 NOJIMEPHHX KOMIIO3UTHHX MaTepialiB 3
BUCOKOMOYJIbHUMU HAallOBHIOBAYaMHU

[Jana poGoTa mpHCcBsYeHa NOCHIIKEHHIO YMOB €(DeKTHBHOI Mpale3JaTHOCTI TPUOOCIPSIKEHb JeTaieH,
BUTOTOBJICHHX 3 TMOJIMEPHHX KOMITO3UTHHUX MarepianiB. Hampyxkenuil crtan wmatepiamy TmOB'I3aHO 3
HanpyXeHHs TepTsa. Ha OCHOBI LbOT0 OTPHUMAHO BHpPA3W IUIS OLIHKHA KPUTHYHUX HANPY>KEHb Ta HABAHTa)KCHHS
Ha TpUOOCHIpsHKEHHs AeTaneil. BusHaueHo po3momin 3ycwnii Ha TpUOOCHPSDKCHHS IeTaljell 3 BpaxXyBaHHIM
XapaKTePUCTHK SKOCTI MIOBEPXOHB TEPTSI, MOIYJIB MPY>KHOCTI Ta cTajnoi [lyaccoHa KOMITOHEHTIB MOIIMEPHOTO
KOMIIO3UTHOTO Matepiany. L{to 3amaqy po3risHyTO IS TPUOOCTIPSIKEHB AeTalleil pi3HOTO POIYy.

OTpuMaHO BHpa3M Uil PO3paxyHKy HOMIHAJIBHHMX THUCKIB Y PI3HHX THIIIB KOHTAaKTy MaTepialy aeTajien
TPUOOCTIPSKCHHSI, a TaKOXK HaBEJICHI PIBHSHHS, 32 SKUMH MOXKJIMBO OIL[IHUTH B HUX 3HAYEHHS HOMIHAJILHOTO
KPUTHYHOTO THCKY.

3'scoBaHO YMOBU €()eKTHBHOTO (DYHKIIIOHYBAaHHS TPUOOCHPSDKEHHS JETalled 3 MOJIMEPOKOMIIO3UTHUX
MmarepianiB. Bu3HaueHo, 1m0 3HAa4YHE MiABMINEHHS HOMIHAIBHOTO KPUTHYHOTO THCKY Ha TPHOOCHPSDKEHHS
MOXJIBE BUKOPHUCTAHHSIM BHCOKOMOJYJIFHUX HAIlOBHIOBAYiB, MOAYJIb NMPY)KHOCTI MaTepiany SKUX OLIbLINKN 3a
MOJIyJIb TIPYKHOCTI MOJIIMEPHOi MaTPHIIi.

KarouoBi cioBa: momiMepHHH ~ KOMITIO3UTHHH — MaTepiai, Makporerepoda3sHHi  marepiad,
BHUCOKOMOJYJIBHUH HANOBHIOBAadY, TPUOOCHPSDKEHHS JeTaled, MaTpuIls], HANOBHIOBAY, IIOJIC HANpy>KEHb,
NPY>KHUH KOHTaKT, KpUTUYHUN THCK, HOMIHAJIbHUH THCK



